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CRITERIA  AMD  REQUIREMENTS  OF  TELEPHONE  CABLE  INSULATION 

by  E.  V.  Metcalf,  Anaconda  WaJic  and  Cable  Company 


Because  telephone  plant  footage  requirements  for  Exchange  Area  Cable  are 
many  times  that  of  any  other  cable,  discussion  has  been  centered  around 
this  particular  construction.  It  should  be  pointed  out,  however,  that 
the  same  insulation  is  generally  used  for  Distribution  Wire  and  also  for 
some  Trunk  Cables. 

To  understand  the  requirements  of  Exchange  Area  Cable  insulation,  it  is 
necessary  to  have  some  background  on  the  overall  cable  parameters.  The 
basic  important  design  considerations  of  this  type  of  cable  are  as  follows: 

1.  Controlled  Electrical  Characteristics 

a.  Mutual  Capacitance 

b.  Insulation  Resistance 

c .  Dielectric  Strength 

d.  Conductor  Resistance 

e.  Resistance  &  Capacitance  Unbalance 

f.  Conductance 

g.  Crosstalk 

h.  Protection  from  Electrical  Interference 

2.  Effective  Packaging 


a. 

Water  Proof 

b. 

Flexible 

c . 

Tough 

d. 

Resistant 

to 

Weather 

e. 

Resistant 

to 

Chemicals 

f. 

Resistant 

to 

Abrasion 

3 .  Reasonable  Cost 

Basically  Exchange  Area  Cable  consists  of  the  following  general  construction: 

1.  Conductor  sizes  of  19,  22,  24  and  2 6  AWG  with  insulation  provided 
in  10  colors. 

2.  All  conductors  formed  into  pairs  with  25  different  lay  lengths, 
each  having  a  different  color  combination. 

3.  Pairs  stranded  together  in  basic  25  pair  units  to  form  cables. 

Each  25  pair  unit  identified  by  colored  binders. 
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4.  Core  wrap  tape  applied  over  the  stranded  core  for  mechanical  and 
electrical  protection. 

5.  Aluminum  or  copper  shield  formed  longitudinally  over  the  core  for 
protection  against  electrical  interference.  Variations  in  shield 
materials  are  used  sometimes  for  added  mechanical  protection. 

6.  An  outer  jacket  applied  over  the  shield  primarily  for  mechanical 
protection. 

7.  For  Direct  Burial,  an  inner  jacket  is  usually  provided  under  the 
shield  to  give  additional  protection. 


Factors  influencing  conductor  insulation  can  be  divided  into  two  groups  - 
customer's  needs  and  wire  manufacturer's  needs.  The  following  customer's  needs 
constitute  the  basic  design  requirements  of  the  conductor  insulation: 

1.  Capacitance :  Exchange  Area  Cable  must  be  designed  for  a  system  standard 
mutual  capacitance  of  0.083  microfarads  per  mile.  For  this  reason 
capacitance  is  the  basic  criteria  in  insulation  design  and  means  close 
control  of  dielectric  constant  and  insulation  dimensions . 

2.  Insulation  Resistance:  To  help  minimize  signal  loss,  high  insulation 
resistance  is  desired  to  limit  current  leakage.  Because  of  this,  volume 
resistivity  is  checked  on  the  raw  materials  and  insulation  resistance 

is  checked  between  conductors  on  the  finished  cable. 

3.  Dielectric  Strength:  While  telephone  cables  operate  at  low  voltage, 
it  is  critically  important  that  there  is  no  breakdown  between  con¬ 
ductors.  For  this  reason,  dielectric  strength  is  checked  between 
conductors  and  to  shield.  High  dielectric  strength  provides  added 
protection  in  case  of  lightning  surges. 

4.  Light  Weight  &  Minimum  Size:  Light  weight  cables  mean  easier  handling 
and  reduced  shipping  costs.  Density  and  dielectric  constant  are  con¬ 
trolling  factors  in  these  characteristics. 

5.  Tough  &  Flexible:  In  many  cases,  cable  installation  means  rough  handling. 
Splicing  may  involve  cramped  quarters  with  sharp  bends,  tugging,  scraping 
and  compression.  For  this  reason,  tensile  and  elongation  are  standard 
requirements  and  compounds  are  screened  for  selection  by  abrasion  and 

cut  through  tests. 

6.  Temperature  Stability:  Cable  installation  may  be  in  a  desert  area  with 
temperatures  as  high  as  l60^F  inside  the  black  jacket  or  at  the  other 
extreme  of  sub-zero  conditions .  Oven  aging  tests  are  made  at  elevated 
temperatures  to  insure  thermal  stability  of  the  insulating  material.  Also, 
sub-zero  brittleness  tests  and  insulation  cold  bend  tests  are  run  to  assure 
satisfactory  low  temperature  handling  characteristics. 
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7.  Dimensional  Stability:  Stresses  can  be  built  into  insulation  that 
could  cause  dimensional  change  and  termination  problems  with  aging. 

While  this  is  largely  a  function  of  processing,  some  materials  are 
more  susceptible  to  this  problem  than  others.  An  aged  shrink-back 
test  is  made  on  insulation  under  accelerated  conditions  to  keep 
this  problem  under  control. 

8.  Resistance  to  Chemical  Attack:  Insulating  materials  are  checked  for 
resistance  to  environmental  chemicals  such  as  oils,  solvents,  detergents 
and  others.  While  the  outer  jacket  should  theoretically  provide  adequate 
protection,  the  insulation  can  easily  come  in  contact  with  pulling  com¬ 
pounds,  solvents,  etc.  in  terminating.  An  environmental  stress  crack 
test  is  required  for  the  insulating  material  using  a  cracking  agent, 
Igepal,  under  accelerated  conditions. 

9*  Clear.  Consistent  and  Permanent  Colors:  The  25  paired  color  combinations 
must  be  easily  identifiable  under  adverse  conditions,  such  as  in  a  man¬ 
hole,  and  also  upon  splice  re-entry  after  installation  for  many  years. 
Insulation  colors  are  required  to  meet  Munsell  color  standards  with 
close  tolerances  and  are  tested  for  permanence  of  color  and  migration 
after  accelerated  aging. 

10.  Stability  in  Water;  While  insulated  conductors  are  not  expected  to 

operate  in  water,  jacket  ruptures,  storms,  etc.,  occasionally  result  in 
such  a  condition.  Because  some  insulating  materials  are  susceptible 
to  electrical  deterioration  in  water,  an  insulation  resistance  test  is 
run  on  insulated  conductors  in  water  both  before  and  after  an  extended 
immersion  period. 

U.  Long  Life;  Telephone  Plant  generally  is  installed  with  a  life  expectancy 
of  30  years.  Accelerated  aging  tests  are  run  at  various  elevated  temp¬ 
eratures  and  deterioration  is  plotted  against  time,  based  on  the  Arrhenius 
Equation.  The  life  of  the  insulation  is  then  predicted  by  extrapolating 
the  curve  for  the  expected  installed  temperature. 


Besides  the  insulation  requirements  that  are  necessary  to  meet  the  needs  of  the 
cable  user,  there  are  also  characteristics  that  are  important  to  efficient  man¬ 
ufacturing.  Some  of  these  are  as  follows: 

1.  Material  Uniformity:  Uniformity  of  pellet  size  and  consistency  between 
batches  is  important  in  color  control  and  processing.  Also,  wide  variation 
in  pellet  size  between  manufacturers  may  mean  different  color  meter  settings 
and  process  changes. 

2.  Moisture  Content:  Excessive  moisture  in  insulating  material  can  result  in 
surface  roughness  or  other  extrusion  problems.  While  most  compounds  used 
for  this  insulation  absorb  very  little  moisture,  precautions  should  be 
taken  in  packaging  and  handling  to  control  this  condition. 
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3.  Compatibility  vith  Other  Compounds :  Since  most  manufacturers  find  it 
desirable  to  have  more  than  one  material  supplier,  it  becomes  important 
that  compounds  are  compatible  at  change-over.  Complete,  100  percent 
clean-out  of  storage  silos  and  equipment  can  be  costly. 

4.  Compatibility  vith  Cable  Components:  Insulating  compounds  must  not  react 
with  other  materials  in  the  cable  such  as  the  copper  conductor,  filling 
compounds,  etc.  Exhaustive  long  term  screening  tests  are  run  on  such 
combinations  to  assure  component  stability. 

5.  Easy  Processability:  Compounds  must  be  capable  of  repeated  runs  with 
standardized  extruder  conditions.  The  sensitivity  range  should  be  broad 
enough  that  room  temperature  changes,  gauge  sizes,  etc.,  do  not  cause 
problems.  Flow  properties  should  allow  high  speed  extrusion  at  5,000  or 
6 , 000  feet  per  minute . 

6.  Low  Extrusion  Drag  Rate:  Conductor  resistance  is  critical  in  finished 
cable  and  is  effected  by  amount  of  draw  down  in  extrusion.  Compound  flow 
characteristics  that  provide  a  minimum  drag  on  the  copper  assist  in  main¬ 
taining  low  resistance  unbalance  in  a  pair. 

7.  Low  Fault  Rate:  Compounds  should  be  free  from  dirt,  gels  or  other  foreign 
materials  which  would  produce  pin  holes  or  weakened  dielectric  strength. 

All  insulation  is  spark  tested  for  voltage  breakdown. 

8.  Cut-through  Resistance:  Because  of  the  high  processing  speeds  and  the 
thin  wall  of  insulation,  resistance  to  cut-through  at  pressure  points  is 
extremely  important.  Automatic  reel  change-over  equipment,  reel  travers¬ 
ing  guides,  transfer  sheaves,  etc.,  all  contribute  to  the  need  for  tough 
insulation. 

9.  Abrasion  Resistance:  Pulling  insulated  wire  through  twinner  bows,  strander 
guide  eyelets,  etc.  may  cause  surface  abrasion  in  high  speed  handling. 

For  this  reason,  low  surface  friction  and  resistance  to  abrasion  are  both 
important  factors  in  selecting  insulating  materials. 

The  above  list  of  customer's  and  manufacturer's  needs  define  the  major  require¬ 
ments  for  Exchange  Area  Cable  insulation .  However,  since  this  information  has 
been  presented  as  a  general  guide  for  those  not  intimately  associated  with  the 
telephone  cable  industry,  some  of  the  more  complex  facets  of  design  have  been  pur¬ 
posely  simplified  or  omitted. 
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DEPARTMENT  OF  THE  ARMY 

HEADQUARTERS  UNITED  STATES  ARMY  ELECTRONICS  COMMAND 
FORT  MONMOUTH,  NEW  JERSEY  07703 


30  November  1971 


To  All  Our  Participants: 


It  is  a  pleasure  to  extend  this  official  welcome  to  the  Twentieth 
Annual  International  Wire  and  Cable  Symposium, 

It  is  gratifying  to  note  the  unique  growth  of  this  joint  US  Army/ 
Industry- sponsored  symposium  .  .  *  from  the  first  informal  meet¬ 

ing  in  1952  of  some  fifty  interested  engineers,  to  the  current  inter¬ 
national  symposium  with  attendance  of  over  one  thousand  personnel 
from  sixteen  nations.  This  annual  meeting  has  become  a  major 
forum  for  the  exchange  of  information  on  new  materials,  processing 
technologies,  advanced  designs  and  the  latest  application  in  the  field 
of  military  wires  and  cables. 

The  Department  of  the  Army  continues  to  be  critically  dependent  on 
electronics  for  future  weapons  and  next  generation  communication 
systems  .  .  .  with  the  inevitable  demand  for  still  higher  perform¬ 

ance  levels  and  new  requirements.  I  am  confident  that  the  Wire  and 
Cable  Industry  will  meet  these  new  challenges  with  the  same  enthu¬ 
siasm  and  creativity  that  it  has  shown  in  the  past. 


Congratulations  to  you  and  your  symposium  committee  for  reaching 
this  twentieth  milestone  year.  My  best  wishes  for  your  continued 
success  in  the  years  ahead. 


HUGH  F.  FOSTER,  JR, 
Major  General,  USA 
Commanding 


Strengthen  America’s  Peace  Power 
— Buy  U.  S.  Savings  Bonds 


20th  INTERNATIONAL  WIRE  AND  CABLE  SYMPOSIUM 


SYMPOSIUM  COMMITTEE 

Jack  Spergel,  Co-Chairman  (phone  201-535-1616) 

Milton  Tenzer,  Co-Chairman  (phone  201-535-1834) 

Ferris  Scoville,  Assistant  to  Co-Chairman  (phone  201-535-1934) 
U.  S.  Army  Electronics  Command 
ATTN:  AMSEL-TL-ME 
Fort  Monmouth,  New  Jersey  07703 
Frank  W.  Horn,  Bell  Telephone  Laboratories 
Gerald  A.  Lohsl,  Hatfield  Wire  &  Cable 
Michael  M.  Suba,  Union  Carbide  Corp. 

E.  Mark  Wolf,  Anaconda  Wire  &  Cable  Co. 

Dan  F.  Stewart,  Phillips  Petroleum  Co 
Jack  Kirk,  Alberta  Government  Telephones 
Louis  J.  Frisco,  Raychem  Corp. 


TECHNICAL  SESSIONS 


9:30  a.m.  Session  I: 

2:00  p.m.  Session  II: 

9:30  a.m.  Session  III: 
2:00  p.m.  Session  IV: 

9:30  a.m.  Session  V: 
2:00  p.m.  Session  VI: 


Tuesday,  30  November  1971 

Tutorial  Session  on  “Insulating  and  Jacketing 
Materials  and  Application  to  Telephone  Cable" 
NOTE:  Lectures  will  not  be  published— Notes 
will  be  handed  out  at  the  session 

Coaxial  Cable  for  PCM  and  Broadband  Transmis¬ 
sion 

Wednesday,  1  December  1971 

Conductors,  Insulated  Wire  and  Assemblies 

Manufacturing  Techniques  and  Processes  for 
Communication  Cable 
Thursday,  2  December  1971 

Telephone  Cable  Materials 

Cable  Design,  Testing  and  High  Voltage  Charac¬ 
teristics 


PROCEEDINGS 


Responsibility  for  the  contents  rests  upon  the  authors  and  not  the  Sym¬ 
posium  Committee  or  its  members.  After  the  symposium  all  the  publica¬ 
tion  rights  of  each  paper  are  reserved  by  their  authors,  and  requests  for 
republication  of  a  paper  should  be  addressed  to  the  appropriate  author. 
Abstracting  is  permitted,  and  it  would  be  appreciated  if  the  symposium 
is  credited  when  abstracts  or  papers  are  republished.  Requests  for  in¬ 
dividual  copies  of  papers  should  be  addressed  to  the  authors.  Extra 
copies  of  the  Proceedings  may  be  obtained  from  the  Symposium  Co- 
Chairman  (Requests  should  include  a  check  for  $5.00  per  copy,  made  pay¬ 
able  to  the  Shelburne  Hotel).  Copies  may  also  be  obtained  for  a  nominal 
fee  from  the  National  Technical  Information  Service  (NTIS),  Operations 
Division,  Springfield,  Virginia  22151. 

Copies  of  papers  presented  in  previous  years  may  also  be  obtained  from 
the  National  Technical  Information  Service.  Papers  from  the  first  20  years, 
with  their  AD  numbers  are  cataloged  in  the  “KWIC  Index  of  Technical 
Papers,  Wire  and  Cable  Symposia  (1952-1971),”  December  1971. 
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MESSAGE  FROM  THE  CO-CHAIRMEN 


It  has  been  our  pleasure  to  serve  as  co-chairmen  of  the  symposiurn 
committee  since  1964.  During  these  past  eight  years  we  have  been  most 
gratified  by  the  enthusiasm  and  cooperatipn  of  the  committee  members 
who  have  worked  so  diligently  in  the  planning  and  conduct  of  these  sym¬ 
posia.  The  quality  of  the  technical  papers  has  been  most  rewarding  and 
the  key  element  to  the  continued  growth  of  this  symposium.  The  selection 
of  outstanding  papers  for  awards  among  the  many  worthy  of  recognition 
has  always  been  a  very  difficult  task.  To  all  those  unsung  authors,  our 
deep  appreciation. 

No  symposium  can  really  prosper  without  the  sustained  participation 
and  attendance  of  representatives  of  the  various  industrial  organizations 
and  government  activities.  This  continued  support  and  financial  spon¬ 
sorship  has  nourished  this  meeting  from  its  meager  beginnings  in  195z 
to  the  present  prestigious  place  in  the  worldwide  wire  and  cable  com¬ 
munity. 

Our  committee  continues  to  look  for  ways  to  improve  the  activities  of 
the  symposium.  We  are  constantly  exploring  innovations  for  technical 
growth  and  to  promote  the  interchange  of  information  as  well  as  to  provide 
a  convivial  environment  at  a  nominal  cost  to  the  sponsors  and  attendees. 

The  ultimate  credit  for  this  success  belongs  to  a  lengthy  list  of  people 
who  so  ably  served  on  the  symposium  committee.  On  the  occasipn  of  our 
twentieth  anniversary  we  are  happy  to  salute  them  and  inscribe  their 
names  on  the  accompanying  honor  role. 
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1952- 62  —  Howard  F.  X.  Kingsley— U.  S.  Army  Electronics  Command 

1958-62  —  Fred  W.  Wills— U.  S.  Army  Electronics  Command 

1953- 58  —  Howard  L.  Kitts— U.  S.  Army  Electronics  Command 

1952  —  Milton  A.  Lipton— U.  S.  Army  Electronics  Command 

1952  —  T.  Ferris  Scoville— U.  S.  Army  Electronics  Command 

1953-60  —  Ray  Blain— U.  S.  Army  Signal  Engineering  Agency 
1953-61  —  c.  T.  Wyman— Bell  Telephone  Laboratories 
1962-71  —  F.  W.  Horn— Bell  Telephone  Laboratories 

1953- 54  —  R.  Graham— Rome  Cable  Corporation 

1953  —  H.  Weber— U.  S.  Rubber  Company 
1953  —A.  Mailbauer— Bakelite  Company 

1953  —  G.  Forsberg— Surprenant  Manufacturing  Company 

1954  —  W.  Carter— Naugatuck  Chemical  Company 

1954- 55  _  p.  h.  Grogan— General  Cable  Corporation 

1954- 55  —  E.  L.  Love— Whitney  Blake  Company 

1955- 56  —  E.  J.  Burrough— E.  I.  DuPont  de  Nemours  &  Company,  Inc. 

1955- 56  —  B.  Jore— Anaconda  Wire  and  Cable  Company 

1956- 57  — G.  Hamburger— Copperweld  Steel  Company 

1956- 57  —  V.  McBride— Plastic  Wire  and  Cable  Corporation 

1957  _  e.  J.  Merrill— Phelps  Dodge  Copper  Products  Corporation 

1957- 58  —  M.  Caine— Monsanto  Chemical  Company 

1958- 59  —  J.  L.  Robb— Superior  Cable  Corporation 

1958- 59  —  B.  Levinson — The  Okonite  Company 

1958  —  A.  L.  McKean  —  Phelps  Dodge  Copper  Products  Corporation 

1959- 60  —  I.  T.  Stoneback— ITT  Laboratories 

1959- 60  —  H.  L.  Wuerth— B.  F.  Goodrich  Chemical  Company 

1960- 61  —  R.  P.  Houlihan— Gavitt  Wire  and  Cable  Company 

1960- 61  —  S.  Montgomery,  Jr. — The  Montgomery  Company 

1961  —  W.  P.  Action— Hercules  Powder  Company 

1961- 62—  R.  L.  Spade— The  Belden  Manufacturing  Company 

1962  —  W.  O.  Bracken— Hercules  Powder  Company 

1962- 64  —  A.  N.  Averill— Phalo  Plastics  Corporation 
1962-63  —  L.  A.  Kent— Camden  Wire  Company 

1962- 64  —  J.  J.  Roache— Frankford  Arsenal 

1963- 64  —  F.  Harden,  Camden  Wire  Company 
1963-65—  R.  C.  Mildner— Dow  Chemical  Company 
1963-65  —  R.  R.  Watt— Northern  Electric  Company,  Ltd. 

1965-66  —  L.  Gumina,  Bureau  of  Ships,  Dept  of  Navy 

1965-66  —  M.  Noble— General  Electric  Company 

1965- 66  — W.  Rigling,  Martin  Company 

1966- 67  —  L.  E.  Marrin— Telecables  &  Wires  Ltd. 

1966  —  J.  W.  Tamblyn— Tennessee  Eastman  Company 

1966- 68  —  R.  Devaney— Tennessee  Eastman  Company 

1967- 68  —  L.  Adelson,  Picatinny  Arsenal 

1967-69  —  J.  Perkins,  E.  I.  DuPont  de  Nemours  &  Company,  Inc. 
1967-68  —  L.  Tomlinson— TRW  Systems 

1967- 69  —  I.  Kolodny— General  Cable  Corporation 

1968- 69  —  J.  Ruskin— Phillips  Cable,  Ltd. 

1969- 70  —  G.  Lohsl,  REA,  Dept  of  Agriculture 
1969-70—  F.  Oberlander,  RCA  Corporation 

1969- 70  — J.  Roark,  Phillips  Petroleum  Company 

1970- 71  —  D.  Stewart— Phillips  Petroleum  Company 

1970  —  E.  M.  Wolf— Anaconda  Wire  and  Cable  Company 

1970  —  M.  M.  Suba— Union  Carbide  Corp. 

1971  —  J.  Kirk— Alberta  Government  Telephones 

1971  —  L.  J.  Frisco— Raychem  Corporation 

1963  —  M.  Tenzer— U.  S.  Army  Electronics  Command 
1963  _  j.  Spergel— U.  S.  Army  Electronics  Command 
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HIGHLIGHTS  OF  19th  INTERNATIONAL 
WIRE  &  CABLE  SYMPOSIUM 

1,  2,  and  3  December  1970 
Shelburne  Hotel,  Atlantic  City,  N.  J. 


W.  L.  Doxey,  Associate  Directorate  for  Research, 
Development  &  Engineering,  USAECOM,  wel¬ 
coming  the  attendees  at  the  banquet. 


Award  for  Best  Technical  Paper:  R.  Sabia,  B. 
Wargotz,  J.  P.  McCann,  B.  T.  L.,  receiving  pla¬ 
ques  from  J.  Spergel  for  their  outstanding  paper 
entitled  “Characterization  of  Filler  and  Insula¬ 
tion  in  Waterproof  Cable”  at  the  18th  IWCS. 


Certificates  of  Appreciation  presented  by  M. 
Tenzer  (center)  to  F.  Oberlander,  RCA  Corp., 
and  J.  Ruskin,  Phillips  Cables,  Ltd.,  for  serving 
on  the  committee. 


Award  for  Best  Presentation  of  a  Technical  Paper: 
R.  Brooks,  AGT,  receiving  plaque  on  behalf  of 
J.  Kirk,  AGT,  from  J.  Spergel  for  best  presenta¬ 
tion  of  a  significant  technical  paper  entitled, 
“Progress  and  Pitfalls  of  Rural  Buried  Cable.” 
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The  photos  on  this 
and  succeeding  pages 
were  provided  through 
the  courtesy  of 
USAECOM  Wire  & 
Wire  Products  and 
Carroll  McKenna 


19th  IWCS 
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SPONSORS 


Alcan  Cable 

Division  of  Alcan  Aluminum  Corporation 
Williamsport,  Pennsylvania 

Allied  Chemical  Corporation 

Plastics  Division 
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AN  ADVANCED  MULTI-UNIT  COAXIAL  CABLE  FOR  TOLL  PCM  SYSTEMS 


R.  McClean  and  T.  McManus 
Bell-Northern  Research 


R.  Iyengar 

Northern  Electric  Co,  Ltd . 
Montreal ,  Quebec 


ABSTRACT 

This  paper  reviews  some  of  the  physi¬ 
cal  and  electrical  problems  encountered 
with  multi-unit  coaxial  cables,  particu¬ 
larly  during  installation,  and  the  design, 
process  development  and  material  investi¬ 
gation  associated  with  the  development  of 
a  new  1 aminat ed - corrugat ed  coaxial  unit 
for  broadband  application.  The  computer 
programme  used  in  the  evaluation  of  the 
unit  and  the  production  facilities  are  al¬ 
so  described.  The  coaxial  unit  is  shown 
to  produce,  in  combination  with  a  corruga¬ 
ted  steel  sheath,  a  physically  rugged  ca¬ 
ble  of  toll  quality,  primarily  for  pulse 
code  modulated  systems,  but  also  analogue 
systems  of  the  higher  frequency  category. 

INTRODUCTION 

Prior  to  1964,  the  use  of  multi-unit 
coaxial  carrier  cable  in  Canada  was  limit¬ 
ed  to  wire  line  entrance  links  connecting 
the  major  urban  centres  with  the  micro- 
wave  radio  system. 

During  the  early  nineteen-sixties,  it 
became  evident  that  a  coaxial  cable  system 
could  compete  with  radio  or  paired  carrier 
cable  systems,  if  more  competitive  cable 
designs  could  be  obtained.  Furthermore, 
if  mechanical,  or  more  specifically,  plow¬ 
ing  methods  of  installation  were  also  fea¬ 
sible,  additional  economic  advantages 
could  be  realized  in  many  areas. 

In  evaluating  existing  designs  for 
this  application,  the  use  of  solid  dielec¬ 
tric  coaxial  units  was  considered,  and  re¬ 
jected  for  economic  reasons.  The  semi-air 
dielectric  units  available  at  that  time 
were  also  considered  and  rejected,  again 
primarily  because  of  cost,  but  to  some  ex¬ 
tent  because  of  the  relatively  fragile  na¬ 
ture  of  the  product.  Subsequently,  an  ex¬ 
panded  (cellular  foam)  polyethylene  insu¬ 
lated  coaxial  unit  was  selected  and  modi¬ 
fied  for  carrier  use.  This  expanded  coax¬ 
ial  design  proved  very  successful  with  a 
240  channel  carrier  system  operating  in 
the  60  to  1,052  kHz  range. 

A  proposal  aimed  at  increasing  the 
capacity  of  the  system  on  this  cable  to 
1200  or  more  channels  highlighted  the  at¬ 
tenuation  stability  of  chemically  expanded 
dielectrics1  and  the  critical  nature  of 
attenuation  stability  in  a  long  distance 


analogue  system.  While  the  predicted  at¬ 
tenuation  variations  could  have  been  ac¬ 
commodated  electronically,  the  economic 
penalty  thus  borne  by  the  line  equipment 
made  such  a  proposal  unattractive. 

It  was  apparent  therefore,  that  if  a 
coaxial  system  was  to  be  competitive,  and 
the  cable  take  advantage  of  mechanical  me¬ 
thods  of  installation,  a  new  semi-air  di¬ 
electric  coaxial  unit  would  have  to  be  de¬ 
veloped. 

This  paper  deals  with  the  physical 
and  electrical  evaluation  of  various  cable 
designs,  the  subsequent  development  of  a 
physically  rugged  coaxial  unit  and  its  use 
with  a  sheath  of  similar  characteristics. 

INITIAL  EVALUATION 

One  problem  encountered  when  a  coax¬ 
ial  cable  is  installed,  is  the  change  in 
impedance  which  can  occur  in  the  coaxial 
unit  during  the  installation  operation.  An 
example  of  the  cause  of  such  a  change  is 
the  compressive  force  which  is  exerted  on 
the  sheath  between  the  guide  chute  and  the 
soil  when  the  plow  changes  direction.  The 
extent  of  such  an  impedance  change  depends 
on  the  margin  of  safety  between  the  forces 
which  are  encountered  during  installation, 
and  the  force  on  the  cable  which  will  re¬ 
sult  in  an  impedance  change  in  the  coaxial 
unit . 

While  some  of  the  impedance  changes 
of  the  type  encountered  can  go  undetected 
by  conventional  means  of  carrier  cable  e~ 
valuation,  they  can  have  a  significant  ef¬ 
fect  on  the  more  sophisticated  analogue 
and  digital  systems  of  the  future.  How 
such  impedance  changes  are  detected,  and 
their  significance  evaluated,  depends  on  a 
number  of  interrelated  factors,  ranging 
from  test  equipment,  location  and  severity 
of  the  discontinuity,  and  the  characteris¬ 
tics  of  the  specific  system.  This  is  in 
some  respects  beyond  the  scope  of  this  pa¬ 
per  . 

A  laboratory  and  field  evaluation  was 
carried  out  to  determine  the  magnitude  of 
the  forces  involved  and  their  effect  on 
the  impedance  of  the  coaxial  units. 


1 


In  the  laboratory  stage  of  this  pro¬ 
gram,  discrete  impedance  variations  were 
evaluated  using  Time  Domain  Ref 1 ec tometer 
(TDR)  techniques.  In  the  field,  TDR  tests 
were  supplemented  by  structural  return 
loss  (SRL)  and  standard  pulse  echo  meas¬ 
urement  s  . 


Laboratory 


The  laboratory  study  evaluated  the 
effect  on  the  coaxial  units  of  a  steady 
compressive  stress  and  an  impact  force, 
when  applied  to  various  composite  sheaths. 


In  the  compressive  stress  tests,  the 
ARPASP  sheath  was  found  to  withstand  a 
much  greater  force  than  a  PASP  sheath  with 
a  core  of  identical  construction.  A  simi¬ 
lar  core,  when  protected  by  a  corrugated 
steel  sheath,  had  no  electrical  deterio¬ 
ration  until  the  compressive  force  was  at 
least  double  that  applied  to  the  PASP 
sheath.  Fig.  1  demonstrates  this  effect 
on  three  8-unit  375  designs. 


(a)  8-Unit  Corrugated  Steel  Sheath 

(b)  8-Unit  ARPASP  Sheath 

( c )  8-Unit  PASP  Sheath 


the  maximum  value  used  for  comparative 
purposes.  The  summation  of  all  impedances 
was  named  the  rationalized  impedance. 


MAXIMUM  RATIONALIZED  IMPEDANCE  CHANGE 

(a) j  (b)  and  (c)  as  in  FIG .  1 

FIG .  2  THE  EFFECT  OF  IMPACT  OH  3"  LEE  GTE 
OF  8 -UNIT  .375"  SERRATED  SEAM 
COAXIAL  CABLE 

In  addition  to  the  different  impe- 
ance  changes  which  were  produced  by  an 
identical  force  on  cable  sheaths  with  simi¬ 
lar  cores,  the  impedance  changes  were  also 
found  to  be  diameter  dependent. 

A  comparison  is  made  in  Fig.  3  be¬ 
tween  an  8-unit  and  a  12-unit  174  coaxial 
with  concentric  coaxial  unit  lay-ups  and 
an  ARPASP  sheath. 


.5  1  3  5  10  OHMS 

MAXIMUM  RATIONALIZED  IMPEDANCE  CHANGE 


FIG .  1  THE  EFFECT  OF  A  COMPRESSIVE  FORCE 
OVER  A  6"  LENGTH  OF  8- UNIT  . 375 " 
SERRATED  SEAM  COAXIAL  CABLE 

The  effect  of  an  impact  force  reflects 
an  even  greater  relative  difference  bet¬ 
ween  the  various  designs.  See  Fig.  2  for 
measurements  on  the  same  three  8-unit  375 
designs . 

The  above  impedance  changes  were  de¬ 
tected  using  a  150  p.  second  step  function. 
The  manner  in  which  the  force  could  be  dis¬ 
tributed  between  the  coaxials,  under  the 
applied  load,  was  resolved2  by  assuming 
that  each  impedance  change  recorded  was  a 
VECTOR  radiating  from  the  centre  of  the  ca¬ 
ble  through  the  coaxial  unit  in  question. 
The  vector  sum  of  all  impedance  changes 
was  calculated  in  each  direction,  omitting 
negative  values  from  the  calculation,  and 


(d)  8-Unit  Design  (Actual)  Diam.  1.3" 

(e)  8-Unit  Design  (Theoretical)  "  1,3 " 

(f)  12-Unit  Design  Actual  "  1,6" 

FIG .  3  THE  EFFECT  OF  A  COMPRESSIVE  FORCE 
OVER  A  6"  LENGTH  OF  .174"  COAXIAL 
CABLE 

It  can  be  seen  from  Fig.  3  that  a  de¬ 
crease  in  diameter  resulted  in  a  relative 
improvement  in  the  sheath  crush  resistance. 
The  theoretical  curve  for  the  8~unit  design 
is  shown  relative  to  the  12-unit  design, 
based  on  the  following  relationship:- 

t3  D3 

Z2  =  Zi  •  _J_  ■  .  (1) 

D3  t3 
1  2 


2 


This  assumes  that  the  numerical  de¬ 
flection  in  each  sheath  is  proportional 
to  the  same  rationalized  impedance  change 
From  the  limited  data  available  this  ap¬ 
pears  to  be  a  valid  assumption. 

This  expression  was  derived  from  the 
expression : - 

t3 

Load  =  Constant  x  _  x  Youngs  Modulus  x 

^3  [Deflection 

Hence  comparing  similar  constructions  we 
have,  for  the  same  load, 


1  2 

Deflectioni  —  =  —  Deflection2 

D3  D3 
1  2 

Di  =  Outside  diameter  of  the  original 
sheath 

D 2  =  Outside  diameter  of  the  new  sheath 
ti  =  Proportional  thickness  of  the  origin¬ 
al  sheath  wall 

1 2  =  Proportional  thickness  of  the  new 
sheath  wall 

1\  =  Maximum  rationalized  impedance  of  the 
original  design 

Z2  =  Maximum  rationalized  impedance  of  a 
similar  design 

Field  Tests 

To  obtain  an  appre'c iat ion  of  the  for¬ 
ces  exerted  on  a  cable  during  installation, 
a  cable  plowing  field  trial  was  made  to 
supplement  the  laboratory  tests.  This  trial 
was  conducted  on  ideal  plowing  terrain  in 
an  attempt  to  eliminate  any  random  effects 
due  to  underground  obstructions.  The  plow 
selected  had  a  5  ft.  radius  chute  designed 
specifically  for  direct  burial  of  4"  duct. 
Five  cable  designs  were  put  through  simi¬ 
lar  plow  manoeuvres  involving  gradual  and 
sharp  turns  (approx,  minimum  radius  8  ft.), 
raising  and  lowering  the  chute,  etc.,  to 
simulate  actual  operating  conditions. 


Electrical  measurements  were  taken 
before,  during  and  after  each  cable  in¬ 
stallation,  to  evaluate  the  effect  of  the 
plow  and  its  various  guide  components  on 
the  cable.  Table  I  is  a  simplified  summa¬ 
ry  of  the  results  on  three  8 -unit  .375” 
coaxial  designs  with  similar  core  con¬ 
structions  but  different  sheaths.  The 
core/unit  design  of  the  corrugated  steel 
design  differed  slightly  from  the  other 
two  cables  and  probably  accounted  for  the 
minor  impedance  changes  detected  at  the 
lay  frequency.  No  impedance  change  was 
detected  in  this  latter  cable  due  to  an 
external  force. 

In  addition  to  the  8-unit  cables,  a 
4-unit  .174"  PASP  sheathed  cable  was  suc¬ 
cessfully  installed,  while  an  18-unit 
•375"  Stalpeth  was  found  to  be  unsatisfac¬ 
tory  . 

Neglecting  some  problems  with  the 
plow/cable  guide  system,  which  were  subse¬ 
quently  rectified  by  equipment  modifica¬ 
tions,  all  major  points  of  trouble  in  the 
cable  occurred  where  the  plow  changed  di¬ 
rection  . 

While  a  direct  correlation  was  not 
possible  between  the  various  cable  designs 
after  plowing,  due  to  differences  in  the 
actual  plow  manoeuvres,  there  is  little 
doubt  from  the  readings  taken  that  com¬ 
pressive  forces  of  less  than  1000  lbs. 
were  developed  across  the  ARPASP  design, 
while  forces  in  the  order  of  1500  lbs. 
were  encountered  by  the  PASP  design.  Since 
it  is  unlikely  that  the  initial  force  im¬ 
pressed  on  any  one  cable  was  greater  than 
that  on  the  other,  it  is  felt  that  the 
soil  was  softer  than  the  ARPASP  sheath, 
and  thus  gave  slightly  under  the  load.  In 
the  PASP  case  the  sheath  was  the  softer 
component  and  deformed  under  the  load.  If 
this  is  the  case,  the  laboratory  results 
should  only  be  taken  as  an  indication  of 
the  relative  performance  of  the  cables.  In 
practice  the  differential  will  be  greater 
than  shown  until  the  hardness  of  the  soil 


TABLE  I 


Sheath 

Worst  Corrected  Echo 
(Pulse  Width  125 
and  63  n  sec.) 

Comment 

Time  Domain 

Ref 1 ect omet er 
Impedance  Change 

S . R . L .  Values 
Worst  Value  From 
7-220  MHz‘ 

Original 

Final 

Original 

Final 

dB 

dB 

ohms 

.  dB 

PASP 

Avg.  66 
Range  64-69 

55 

47-67 

Degraded 

-11 

Average  1 . 9 
Maximum  9 . 2 

29 

11  .5 

ARPASP 

Avg.  66 
Range  59-72 

68 

62-74 

Simi 1 ar 
+  2 

Average  0.12 
Maximum  0.36 

35 

33 

Corrugated 

Steel 

Avg.  66 
Range  64-76 

73 

71-76 

Improved 
+  7 

Average  0 . 08 
Maximum  0 . 1 

27.5 

25 
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exceeds  the  resistance  to  crush  of  the 
most  resistant  sheath  being  considered. 

At  this  point  the  laboratory  results  would 
be  comparable  with  field  performance. 

It  was  concluded  at  the  end  of  the 
laboratory/f ield  evaluation  that;  (i)  with 
some  modification  to  plow  equipment  and 
installation  procedures,  an  ARPASP  design 
would  have  a  reasonable  margin  of  safety 
for  the  smaller  diameter  coaxial  cables, 
and  (ii)  a  more  rugged  cable  construction 
was  needed  for  the  larger  cables  to  impro¬ 
ve  the  margin  of  safety.  As  a  result  of 
the  preceding  evaluation  and  related  work 
on  coaxial  units,  a  two  part  program  was 
approved  to  satisfy  the  immediate  and  fu¬ 
ture  coaxial  system  needs. 

The  first  part  of  the  program  was 
completed  in  1970  with  the  successful  in¬ 
stallation  of  34  miles  of  12-unit  .174” 
coaxial  ARPASP  cable  in  the  vicinity  of 
Calgary,  Alberta.  The  majority  of  this 
cable  was  installed  by  a  plow  develcfped 
using  the  experience  gained  during  the 
field  trial.  Fig.  4  is  a  photograph  of 
the  plow.  In  this  installation  the  worst 
corrected  echo  per  unit  per  repeater  sec¬ 
tion  in  the  plowed  portion  ranged  from  52 
to  69  dB.  228  readings  were  taken,  the 
average  worst  value  was  60  dB  and  the 
standard  deviation  3.6  dB. 

The  second  part  of  the  program,  which 
started  in  1967,  is  the  main  subject  of 
this  paper  and  covers  the  development  of  a 
multi-unit  coaxial  cable  for  a  high  capa¬ 
city  PCM  system.  This  cable  is  intended 
to  meet,  economically,  the  future  long 
haul  toll  needs  of  the  Bell  Canada  System, 
and  have  a  reliability  equivalent  to  that 
of  existing  high  quality  toll  cables. 


FIG.  4  PLOW  SHAPE 


THE  PCM  SYSTEM 

The  PCM  System,  to  which  this  coaxial 
cable  will  connect,  will  have  a  bit  rate 
of  272  M  bauds,  will  utilize  a  bipolar 
pair  substitution  code,  and  will  be  desi¬ 
gnated  LD-4.  The  transmitted  signal  will 
have  a  rise  time  equivalent  to  a  raised 
cosine  pulse  of  amplitude  3.3  volts  and  a 
width  of  1.7  nano-seconds  at  the  half  max¬ 
imum  height.  The  spectrum  of  the  signal 
is  significant  in  the  frequency  domain 
from  2  MHz  to  490  MHz,  See  Fig.  5.  By  the 
time  each  bit  of  information  traverses  a 
complete  repeater  section,  that  signal 
will  be  acting  upon  and  conversely  it  will 
be  acted  upon,  by  at  least  100  other  sig¬ 
nals  due  to  a  combination  of  attenuation 
and  phase  delay  effects.  While  amplitude 
and  phase  equalization  prior  to  the  regen¬ 
erative  section  of  the  repeater  will  re¬ 
duce  such  pulse  dispersion,  each  bit  of 
information  will  still  cover  slightly  more 
than  two  time  slots  prior  to  entering  the 
regenerator  of  the  repeater. 


FIG.  5  OUTPUT  POWER  SPECTRUM 
OF  PULSE  TRAIL! 

The  requirements  for  a  coaxial  unit 
to  be  used  on  a  digital  system  are,  in 
most  respects,  not  as  severe  as  those  for 
an  analogue  system.  The  digital  system 
does,  however,  have  a  few  additional  pro¬ 
blems.  Since  its  wide  frequency  spectrum 
includes  some  very  high  frequency  compo¬ 
nents,  which  are  reflected  at  impedance 
perturbations  normally  insignificant  in 
the  lower  frequency  analogue  system,  local 
changes  in  the  characteristic  impedance 
must  be  controlled  to  minimize  error.  Any 
impedance  discontinuity  will  reduce  the 
information-bearing  signal  by  an  amount 
proportional  to  the  signal  reflected.  This 
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reflection  is  subsequently  rereflected 
from  the  sending  repeater  to  interfere 
with  subsequent  pulses.  These  effects  are 
both  magnitude  and  phase  sensitive  and  if 
not  controlled  can  be  a  serious  source  of 
intersymbol  interference.  Initially  this 
condition  will  be  controlled  by  tight  at¬ 
tenuation  ripple  requirements f T . D . R .  meas¬ 
urements  and  wide  frequency  spectrum  SRL 
requirements.  Eventually  high  frequency 
techniques  such  as,  high  voltage  reflecto- 
metry  or  frequency  modulated  continuous 
wave  radar  fault  location  will  have  to  be 
developed. 

System  studies  of  initial  traffic 
density,  growth,  equipment  and  cable  costs, 
operating  costs,  etc.,  indicated  that  sys¬ 
tem  costs  had  a  relatively  flat  optimum 
with  respect  to  coaxial  unit  size.  Conse¬ 
quently,  the  standard  .375"  size  was  se¬ 
lected,  and  standardized  in  a  12-unit  ca¬ 
ble  makeup. 

It  remained  therefore  to  reduce  the 
cost  of  the  coaxial  unit  consistent  with 
its  electrical  characteristics.  These 
were  set,  for  the  digital  system,  at  +_  1 % 
of  the  attenuation  of  the  existing  ser¬ 
rated  seam  .375n  unit  from  1  to  320  MHz, 
with  a  nominal  characteristic  impedance  at 
2  MHz  of  75  ohms  in  the  finished  cable. 

For  analogue  carrier  systems,  the  frequen¬ 
cy  spectrum  over  which  the  electrical  char¬ 
acteristics  were  to  be  rigidly  controlled 
was  500  kHz  to  64  MHz.  For  CATV  systems 
control  was  extended  up  to  300  MHz. 

THE  CABLE 

The  cable  for  the  LD-4  system  will 
employ  corrugated  support  members  in  both 
the  coaxial  unit  and  the  sheath.  By  this 
means  the  effect  of  any  change  in  dimen¬ 
sion,  that  can  occur  during  and  after  in¬ 
stallation  will  be  minimized,  and  the 
electrical  characteristics  of  the  install¬ 
ed  cable  improved. 

The  cable  was  developed  by  adopting 
established  techniques  where  this  was  ec¬ 
onomically  advantageous.  New  developments 
were  restricted  to  those  areas  where  the 
effort  expended  would  contribute  to  a- 
chievement  of  optimum  results. 

The  Coaxial  Unit 

Physica Z .  Various  .375”  coaxial  unit 
constructions  were  considered  for  this  ap¬ 
plication  and  evaluated  relative  to  the 
physical  characteristics  of  the  existing 
serrated  seam  design.  The  crush  resist¬ 
ance,  and  the  change  in  impedance  which 
occurs  when  a  semi-air  dielectric  coaxial 
unit  is  bent,  were  given  particular  atten¬ 
tion.  Both  effects  are  considered  more 
critical  to  higher  frequency  systems. 


In  addition  to  the  normal  installa¬ 
tion  forces  that  will  be  encountered  by 
the  new  coaxial  unit  in  regular  service 
it  will  also  be  used  in  stub  cable,  where 
a  unit  radius  of  bend  of  less  than  6"  will 
be  required.  The  same  coaxial  units  were 
considered  necessary  in  the  stub  cables  to 
minimize  any  impedance  mismatch  between 
cables  adjacent  to  the  repeater. 

Tests  on  various  .375"  units  with 
flat  outer  conductors,  indicated  they  had 
inferior  handling  characteristics  relative 
to  the  corrugated  designs.  The  X-ray  pho¬ 
tographs  below  (Fig.  6)  show  the  effect  of 
a  typical  bend  on  the  internal  dimensions 
of  the  serrated  seam  unit  and  a  unit  with 
a  solid  corrugated  outer  conductor. 


.375“  CORRUGATED  DESIGN 


375“  SERRATED  SEAM  DESIGN 


FIG.  6  EFFECT  OF  BE HD  OH  INTERNAL 
DIMENSIONS 

The  difference  in  crush  resistance 
between  flat  and  corrugated  designs  can  be 
seen  in  Fig.  7. 


FIG ,  7  AVERAGE  IMPEDANCE  CHANGE  UNDER 
COMPRESSIVE  FORCE 
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TABLE  II 


MANDREL  6"  RADIUS 

SERRATED  SEAM  DESIGN 

BENT  I  STRAIGHT 

CORRUGATED  DESIGN 

BENT  |  STRAIGHT 

OHMS 

OHMS 

After  1st  Bend 
"  2nd  " 

"  3rd  " 

"  4th  " 

"  5th  " 

.32  to  .90 
.46  to  1.12 
.52  to  2.28 
.88  to  2.59 
1.91  to  3.95 

0  to  .36 
.23  to  .76 
.30  to  .79 
.28  to  .93 
.52  to  1.12 

0  to  .23 
.17  to  .21 
.23  to  .38 
.23  to  .34 
.30  to  .52 

*  0  'implies  a  value  below  level  of  detectability  . 


Table  II  results  are  representative 
of  the  change  in  impedance  which  can  occur 
in  the  .375”  serrated  seam  and  the  corru¬ 
gated  designs,  when  the  unit  is  bent  and 
when  the  unit  is  subsequently  straightened. 

Economics .  Of  the  four  materials 
used  in  the  .375"  serrated  seam  design, 
the  conductors  account  for  approximately 
80%  of  the  material  cost  of  the  unit.  Two 
approaches  were  investigated;  (i)  the  use 
of  a  thinner  outer  copper  conductor  to 
take  advantage  of  skin  effect  and  (ii)  the 
use  of  aluminum.  It  was  recognized  in  (i) 
that  a  laminate  of  the  conducting  member 
and  a  supporting  member,  such  as  steel, 
would  be  required.  This  cost  was  included 
in  the  evaluation. 

Various  methods  were  investigated  to 
achieve  a  suitable  laminate.  These  in¬ 
cluded  metallurgical  bonding,  soldering, 
thermoset,  epoxy  and  thermoplastic  bonding. 
The  final  selection  was  made  on  the  bases 
of  economics,  consistency  of  bond,  ease  of 
processing,  etc.,  and  was  essentially  the 
method  described  by  W.G.  Nutt3 et  al  at  the 
Seventeenth  Symposium,  1968.  A  square 
edged  laminate  was  selected  to  take  advan¬ 
tage  of  laminates  in  wider  widths,  and  to 
permit  a  circular  outer  conductor  configu¬ 
ration  with  a  butting  type  joint. 

Table  III  shows  the  effect  of  tape 
thickness  on  the  attenuation  of  a  0.375" 
coaxial  unit  at  various  frequencies.  Note 


that  at  1  MHz  and  600  kHz  there  is  an  op¬ 
timum  at  .004"  and  .005"  respectively. 

Normal  variations  in  tape  thickness 
about  the  nominal  were  found  to  alter  the 
attenuation  at  500  kHz  by  approximately  2% 
if  0.0035"  material  was  used,  and  1%  if 
0.0045"  material  was  used.  Above  1  MHz 
the  effect  was  negligible  and  of  little 
practical  significance  over  the  equalizing 
section  of  the  analogue  system  considered. 

Neither  the  characteristic  impedance 
or  the  phase  constant  were  found  to  alter 
significantly  with  normal  tape  thickness 
variations,  on  tapes  with  nominal  dimen¬ 
sions  between  0.003"  and  0.005". 

The  temperature  coefficient  of  atten¬ 
uation  varied  with  tape  thickness  as  shown 
in  Fig.  8  . 


FIG.  8  EFFECT  OF  TAPE  THICKNESS  ON  TEMPER¬ 
ATURE  COEFFICIENT  OF  ATTENUATION 


TABLE  III 


OUTER  CONDUCTOR 
THICKNESS 

IN  INCHES 

ATTENUATION  dB/1000' 

AT  68  °  F 

kHz 

MHz 

60 

200 

400 

600 

1 

4 

10 

100 

.002 

.3529 

.4722 

.  5795 

.6620 

.7947 

1.445 

2.320 

7.380 

.  003 

.  2839 

.4018 

.5103 

.5956 

.7368 

1 .463 

2 . 325 

7.371 

.0035 

.  2  641. 

.  3820 

.4918 

.5793 

.7266 

1 .469 

2.323 

7 . 367 

.  004 

.  2493 

.3674 

.4790 

.5692 

.  7231 

1.470 

2 . 322 

7.363 

.  0045 

. 2378* 

.3564 

.4701 

.  5635 

.  7236 

1 .469 

2 .320 

7.358 

.  005 

.2286 

.  3479 

.4642 

.  5609 

.7259- 

1.468 

7.354 

.  006 

.  2149 

.3363 

.4586 

.  5612 

.7311 

1  .466 

i 

■a 

7.346 

Fig.  9  shows  relative  cable  attenua¬ 
tion-cost  figures,  in  dollars  per  the  re- 
ciprical  of  attenuation,  or  Md B • do  1 1 ar s " , 
versus  the  coaxial  unit  tape  thickness. 
From  this  figure  it  can  be  observed  what 
the  attenuation  of  the  cable  would  be, 
relative  to  a  specific  tape  thickness  and 
a  fixed  dollar  cost.  Namely,  with 

. 005"  . 004 M  .  003"  tape, the  losses  would  be 
65dB  65dB  67dB  for  $x  at  400kHz 
78dB  77dB  78dB  for  $x  at  600kHz  etc.  or 

conversely,  the  cost  of  the  cable  for  the 
same  attenuation  would  be  - 
$65  $65  $67  at  400kHz  etc. 


FIG.  9  RELATIVE  ATTENUATION-COST  FACTOR 

AS  RELATED  TO  OUTER  CONDUCTOR  TARE 
THICKNESS  IN  INCHES 

The  substitution  of  aluminum  to  re¬ 
place  copper  as  the  outer  conductor,  was 
found  to  increase  the  attenuation  of  the 
unit  by  approximately  6%.  This  would  have 
affected  system  optimization  and  reliabi¬ 
lity  figures.  To  maintain  the  same  atte¬ 
nuation  in  the  unit,  it  was  necessary  to 
increase  the  diameter  of  the  unit  by  5%, 
with  an  overall  cable  saving  of  less  than 
4%.  These  savings  would  have  been  offset 
by  possible  splice  problems  and  increased 
costs  associated  with  the  use  of  larger 
diameter  cables,  such  as  shorter  lengths, 
increased  testing  and  splicing,  duct  and 
manhole  space  allocation  etc.,  and  were 
not  considered  justified 

The  result  of  the  economic  analysis 
was  that  a  .004”  thick  copper  tape  was  se¬ 
lected  on  the  basis  of  its  effect  on  over¬ 
all  cable  cost,  attenuation  and  the  anti¬ 
cipated  minimum  frequency  of  operation. 


The  substitution  of  aluminum  for  cop¬ 
per  in  the  centre  .conductor  was  found  to 
be  uneconomical.  The  saving  that  could 
have  been  realized  by  the  reduced  cost  of 
a  copper-clad  aluminum  centre  conductor 
was  offset  by  the  cost  and  difficulty  of 
obtaining  additional  power  feeding  loca¬ 
tions,  particularly  in  remote  areas.  Cop¬ 
per  centre  conductors  will  continue  to  be 
used  until  a  significant  differential  ex¬ 
ists  between  these  two  costs. 

Electvical .  The  use  of  a  corrugated 
outer  conductor  of  0.004"  copper,  lami¬ 
nated  to  steel,  brought  into  play  a  number 
of  interrelated  electrical,  physical  and 
economic  factors  which  depended  on  the 
shape,  depth  and  number  of  corrugations 
per  inch  selected.  To  simplify  this  work 
a  computer  program  was  developed  to  evalu¬ 
ate  quickly  their  effect  on  the  electrical 
characteristics  of  the  unit. 

COMPUTER  PROGRAMME 

The  computer  programme  was  used  to 
obtain,  within  certain  dimensional  re¬ 
strictions,  the  best  outer  conductor  shape 
consistent  with  attenuation  and  impedance 
requirements  and  physical  deformation. 
More  than  fifty  designs  were  evaluated 
from  which  the  nominal  twelve  - per-. inch 
corrugation  design  was  chosen  to  provide 
the  optimum  combination  of  physical  and 
electrical  characteristics. 

The  programme  calculated  the  primary 
parameters,  and  applied  them  to  the  long 
line  equations  shown  below. 

The  attenuation  constant  a,  the  phase 
constant  3,  and  the  characteristic  imped¬ 
ance  | Zo | ,  were  obtained  over  a  frequency 
spectrum  ranging  from  10  kHz  to  500  MHz. 

a  =  Jj-|[  (R2+u2L2)  (G2+u2C2)] 

NEPERS/UNIT  LENGTH  .  (1) 

e=  [l|[ (r2+u2lz) (gz+u2c2) ] 

RADIANS/UNIT  LENGTH  .  (2) 


I 


The  first  step  towards  calculation  of 
the  primary  parameters  required  that  an 
effective  inner  diameter  for  the  outer 
conductor  be  obtained,  and  the  electrical 
requirement  of  a  nominal  75  £2  character¬ 
istic  impedance  at  2  MHz  was  used  as  the 
criterion.  Since  the  high  frequency  im¬ 
pedance  may  be  regarded  as  mainly  capaci¬ 
tance  dependent,  the  effective  diameter 
was  based  on  an  equivalence  of  capacitance 


- (RG-uzLC) 


}]* 


z+(RG-ttzLC) 
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between  a  straight  coaxial  unit  and  the 
corrugated  design,  as  shown  in  appendix  1A. 
Calling  this  diameter  Di,  the  inner. con¬ 
ductor  D 2 ,  and  assuming  a  specific  induc¬ 
tive  capacitance  of  £  for  the  unit,  the 
primary  admittance  parameters  could  easily 
be  defined  as  shown  in  equations  4  and  5. 


C 

G 


2tt£ 


farads /meter  length 


2i\.f.C.tan6  Siemens/unit  length  .. 


(4) 

(5) 


Where  tan&  is  the  dissipation  factory  and 
is  normally  of  the  order  of  10  4  for  disk 
air  type  insulation , 


The  series  parameters  resistance  and 
inductance  are  subject  to  the  skin  effect 
phenomenon  which  produces  a  complex  rela¬ 
tionship  between  impedance  and  frequency. 
The  solution  to  the  Bessel  equation  (6), 
describing  the  change  in  current  density 
across  a  tubular  conductor  carrying  a  si¬ 
nusoidal  current  of  angular  frequency  U), 
provides  the  relationship  of  the  impedance 
with  frequency  (equation  7)  . 


subsequent  evaluation  is  contained  in  Ap¬ 
pendix  1  .  B . 

The  computer  programme  determined  the 
resistance  and  inductance  for  the  inner 
and  outer  conductors  separately,  and  added 
them,  with  suitable  modification  to  the 
outer  conductor  components  to  reflect  the 
excess  length  due  to  the  corrugation.  The 
inductance  due  to  the  flux  within  the  die¬ 
lectric  was  also  taken  into  consideration 
in  equation  7,  as  was  the  component  due  to 
flux  produced  in  the  outer  conductor  by 
the  inner  conductor. 

It  is  interesting  to  note  that  using 
an  IBM  Series  360  Model  67  computer,  a 
complete  output  was  obtained  using  approx¬ 
imately  20  C.P.U.  seconds  at  a  cost  of 
$8.00. 

To  confirm  the  accuracy  of  the  pro¬ 
gramme  a  series  of  tests  were  made  on  con¬ 
ventional  coaxial  designs  before  applica¬ 
tion  to  the  present  corrugated  design. 
Given  the  configuration,  it  was  found  the 
electrical  parameters  could  be  predicted 
to  a  99%  accuracy  (cf.  the  comparisons  in 
the  Results  section) . 


d2I 
dE 2 


+ 


R  dR 


-  jm2 1 


(6) 


Where  m 2  =  4i\u/p  and  I  is  the  current  den¬ 
sity  at  distance  R  from  the  centre . 


Z=(R+jttL)=X(r) 


I„(X,)+I°' (Xl)Kn (Xz) 
Ka'(X i) 

I0'(X2) +Io'(Xl)Kn  '(X2) 

KQ  '  (X i ) 


Where  X(R)  =  £7^- 
tiD  2 


Xx=mDzJj  ;  Xz=m(D2+t) /j 


Ia(X/j)  =  BER  0  (X  )  +3  BEi0 (X)  :  Kelvin 

functions  of  first  kind 


Ka(X/j)  =  KER0 ( X) +fKEia (X)  :  Kelvin 

1  functions  of  second  kind 


Separating  equation  7  into  its  real 
and  imaginary  components  provides  expres¬ 
sions  for  the  resistance  and  inductance 
parameters  in  terms  of  Kelvin  functions. 
Their  evaluation  may  be  carried  out  as  ac¬ 
curately  as  the  limitations  on  calculating 
the  Kelvin  functions  will  allow.  These 
functions  are  not  easily  solved  by  conven¬ 
tional  means  and  are  best  determined  using 
computer  methods.  The^  basic  set  of  power 
series  defining  the  functions  add  complica¬ 
tions  to  the  method  of  programming  because 
of  the  large  value  which  each  term  may  at¬ 
tain,  therefore  asymptotic  approximations 
to  the  series  were  used  for  the  larger  ar¬ 
guments.  A  description  of  the  modifica¬ 
tions  to  these  approximations  and  their 


Coaxial  units  with  the  desired  elec¬ 
trical  characteristics  were  then  manufac¬ 
tured  and  evaluated  with  14,  12  and  10 

corrugations  per  inch  and  depths  of  corru¬ 
gation  of  .034”  and  .037".  The  following 
observations  were  made. 

Units  with  14  corrugations  per  inch 
were  found  to  form  well  and  have  good  im¬ 
pedance  control  under  compression  and  when 
bent,  see  Fig.  7  and  10.  Their  attenua¬ 
tion  was  higher  than  predicted  by  the  com¬ 
puter  programme  at  the  lower  frequencies. 
This  was  traced  to  deformation  of  the  outer 
copper  conductor  in  the  valley  of  the  cor¬ 
rugation,  and  resulted  from  the  force  ne¬ 
cessary  to  corrugate  the  copper-steel  la¬ 
minate  . 

12  corrugations  per  inch,  with  corru¬ 
gation  depths  between  .034"  and  .037", were 
found  to  form  well,  and  have  good  impedan¬ 
ce  control  under  compression  and  bend. 

They  also  met  the  predicted  electrical 
characteristics . 

10  corrugations  per  inch  had  similar 
characteristics  to  the  12  corrugation  per 
inch  design  except  that  the  impedance 
spread  in  the  .034"  design  was  greater 
when  the  unit  was  bent. 

The  unit  selected  has  approximately 
12  corrugations  per  inch  to  obtain  the 
best  compromise  between  electrical  and 
physical  characteristics,  manufacturing 
convenience  and  cost.  Fig.  11  is  a  photo¬ 
graph  of  the  final  unit  design. 
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IMPEDANCE  CHANGE  IN  OHMS 


BENDING  RADIUS  IN  INCHES 
(DEPTH  OF  CORRUGATION  0.034”) 


FIG.  10  CHANGE  IN  IMPEDANCE  VERSUS 
BENDING  RADIUS 


CROSS-SECTIONAL  VIEW 


COPPER  OUTER  CONDUCTOR 


COPPER  CENTRE  CONDUCTOR 


POLYETHYLENE  SPACER 


PLASTIC  LAMINATING  STRIP 


STEEL  SUPPORT  MEMBER  AND  SHIELD 


STEEL  BUTT  STRAP 


Raw  Material .  As  with  any  new  product 
comprising  a  number  of  individual  compo¬ 
nents,  the  problem  of  raw  material  selec¬ 
tion,  procurement  and  control  was  a  major 
factor  in  this  development.  Some  of  these 
problems  which  may  be  of  general  interest 
are  presented  here. 

The  material  that  was  found  to  be  the 
most  critical  in  the  control  of  impedance 
and  structural  return  loss  was  the  steel 
outer  conductor  support  member.  Using 
standard  commercial  material  the  nominal 
thickness  on  some  tapes  was  found  to  vary 
from  the  nominal  specification  thickness 
by  as  much  as  10%.  Roll  camber  and  end 
effects  added  to  the  problem,  as  did  cy¬ 
clical  variations  about  the  actual  nominal. 

An  X-ray  device  was  obtained  to  conti¬ 
nually  monitor  thickness  variations.  This 
confirmed  thickness  variations  predicted 
by  S.R.L.  measurements.  (Fig.  12  shows  a 
theoretical  relationship4  between  tape 
thickness  and  S.R.L.  levels,  assuming  a 
pure  cyclical  variation  in  the  tape  thick¬ 
ness.  The  degree  of  correlation  in  the 
results  varied  with  the  degree  of  random¬ 
ization  in  the  cyclical  pattern  of  the 
steel  tape  thickness  variation.  Also, 
since  the  tapes  with  the  worst  variations 
were  obtained  during  early  line  develop¬ 
ment,  other  random  effects  were  occurring. 
The  effect  of  an  automatic  feedback  con¬ 
trolling  thickness  in  one  supplier's  plant 
was  observed  just  above  10  MHz,  while  the 
effect  of  mill  rolls  in  other  suppliers' 
material  was  observed  around  80  and  140 
MHz  . 

LENGTH  OF  CYCLICAL  VARIATION  IN  FEET 


FIG.  12  CYCLICAL  VARIATION  IN  TAPE 
THICKNESS  VERSUS  SRL 


FIG .  11  THE  NELC-375  COAXIAL  UNIT 


The  steel  tape  supplier  finally  se¬ 
lected  is  now  obliged  to  remove  a  speci¬ 
fied  percentage  at  each  end  and  off  each 
side  of  the  tape  roll.  The  tape  is  then 
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processed  further  in  the  cable  plant  for 
selection  and  removal  of  any  additional 
irregularities.  This  procedure  permits 
the  economic  use  of  commercial  material 
with  a  practical  scrap  allowance. 

The  selection  and  analysis  of  the 
best  type  of  solder  presented  a  number  of 
problems,  some  of  which  are  still  under 
evaluation . 

An  "aging"  phenomena  was  found  to  be 
critical  to  the  rolling  operation  per¬ 
formed  on  the  solder  wire  prior  to  solder¬ 
ing.  This  was  finally  related  to  the 
length  of  time  which  elapsed  between  the 
solder  wire  manufacturing  and  rolling  op¬ 
erations,  and  was  resolved  by  limiting 
this  time  period  to  3  months. 

Creep  in  the  solder  seam  has  to  be 
limited  to  acceptable  levels  over  the  life 
of  the  cable  by  the  use  of  a  special  sol¬ 
der  and/or  by  the  elimination  of  stress  in 
the  joint.  The  addition  of  certain  ele¬ 
ments  to  the  solder  reduces  the  rate  of 
creep,  but  they  also  decrease  the  solders 
wetting  properties  and  increase  its  plas¬ 
ticity  range.  These  two  factors  can  in 
turn  make  manufacture  and  impedance  con¬ 
trol  more  difficult. 

Stresses  imparted  to  the  seam  prior 
to  and  after  forming  of  the  outer  conduc¬ 
tor  have  to  be  controlled.  Long  term  stud¬ 
ies  are  continuing  on  creep  and  until  these 
are  completed  it  is  recommended  that  very 
short  radius  bends,  in  the  order  of  3",  be 
encapsulated  in  a  rigid  epoxy  as  a  precau¬ 
tionary  measure. 

While  low  temperatures  are  normally 
an  asset  in  retarding  the  aging  mechanisms 
associated  with  cable  materials,  the  ef¬ 
fects  of  tin  plague  are  not  observed  until 
temperatures  are  below  0°C.  Although  the 
consensus  of  opinion  was  that  the  probabi¬ 
lity  of  tin  plague  was  extremely  remote, 
it  was  decided  the  risk  was  not  justified 
and  small  trace  elements  of  antimony  and 
bismuth  were  added  to  the  solder. 

The  Cable  Sheath .  A  number  of  factors 
ranging  from  manufacturing  to  installation, 
and  cost  to  reliability,  were  involved  in 
the  selection  of  the  sheath. 

The  laboratory/f ield  trial,  reported 
in  the  introduction  to  this  paper,  was 
part  of  an  overall  program  designed  to  ob¬ 
tain  a  sheath  more  suited  to  this  applica¬ 
tion  and  indirectly  a  replacement  for  lead. 

Our  objection  to  the  use  of  lead  was 
its  high  cost  and  weight,  and  the  limited 
mechanical  protection  it  afforded  the  un¬ 
derlying  coaxial  core.  There  was  also  a 
desire  to  supply  longer  lengths  of  cable. 


and  to  reduce  the  number  of  splices,  test¬ 
ing  and  impedance  matching  points. 

A  relatively  new  sheath,  which  result¬ 
ed  from  a  development  in  Germany  and  was 
reported 5  by  Dr.  K.  Andreson  and  D.R.  Stein 
at  the  11th  Symposium,  showed  considerable 
promise  in  the  initial  physical  and  elec¬ 
trical  evaluation.  It  was  subsequently 
determined  that  this  sheath  could  be  pro¬ 
duced  and  installed  with  a  considerable 
saving  over  lead,  and  with  less  detrimen¬ 
tal  effect  on  the  electrical  characteris¬ 
tics  of  the  coaxials.  What  remained  there¬ 
fore  were  questions  as  to  its  in-service 
and  reliability  characteristics. 

Field  Experience,  While  laboratory 
work  and  theoretical  studies  are  invalua¬ 
ble  in  assessing  the  performance  of  a  pro¬ 
duct,  field  experience  is  the  best  crite¬ 
rion  on  which  to  rely.  In  the  case  of  a 
new  product  such  experience  is  never  a- 
vailable  and  extensive  field  trials  are 
usually  necessary. 

In  evaluating  the  corrugated  steel 
sheath,  it  was  fortunate  that  excellent 
field  records  were  available  for  a  similar 
product  covering  a  10-year  period  in  Ger¬ 
many.  In  addition,  this  data  could  be 
compared  directly  with  similar  data  on  a 
fead  sheathed  armoured  cable  in  the  same 
environment . 

Although  it  is  difficult  and  in  some 
cases  impossible  to  compare  fault  statis¬ 
tics  from  one  country  to  another,  due  to 
different  environmental  conditions  etc., 
an  analysis  of  two  designs  in  the  same  en¬ 
vironment  can  give  a  good  appreciation  of 
their  relative  performance  in  an  other 
area. 

Table  IV  is  a  summary  of  information 
obtained  originally  from  the  German  tele¬ 
phone  system  for  the  year  1967  and  recent¬ 
ly  updated  to  1969.  This  information  was 
supplied  through  the  courtesy  of  the  Ger¬ 
man  Post  Office. 


TABLE  IV 


FAULT  RATE 

PER  100  MILES 

OF  CABLE 

DURING  1969 

TYPE  OF 

LEAD  § 

CORRUGATED 

DAMAGE 

ARMOURED 

STEEL 

MECHANICAL 

6.2 

6.2 

LIGHTNING 

0.4 

1  .0 

SPLICES 

1.5 

1.8 

OTHERS 

4.4 

2.0 

12.5 

11.0 
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Note  1:  This  covers  60*000  miles  of  me¬ 
dium  and  long  distance  toll  cable * 
90%  of  which  is  directly  buried 
at  a  depth  of  SO  to  40  inches  and 
protected  by  tiles . 

Note  2:  By  1969  22.3%  of  the  installed 
system  was  corrugated  steel  a - 
gainst  17.9%  in  1965.  80  to  85% 

of  newly  installed  long  distance 
toll  cables  will  be  of  this  de¬ 
sign  in  1971  and  95%  in  1972. 

Two  significant  points  to  observe  in 
the  above  comparison  is  the  higher  inci¬ 
dence  of  lightning  trouble  in  the  steel 
sheath  and  the  lower  notherM  problems.  The 
former  has  resulted  in  the  German  Post  Of¬ 
fice  deciding,  as  of  1971,  to  install  a 
shield  wire  directly  over  the  corrugated 
steel  sheathed  cable.  This  will  reduce 
the  incidence  and  magnitude  of  strikes  en¬ 
tering  the  cable  and  significantly  reduce 
the  fault  rate  due  to  lightning.  The 
"other"  category  covers  earth  displacement, 
vibration,  rock  movement,  electrolytic  and 
chemical  corrosion. 

Unfortunately , comparable  data  was  not 
available  within  the  Bell  Canada  System. 

The  best  estimate  obtained  was  that  the  in¬ 
cidence  of  trouble  was  in  the  order  of  3 
per  100  miles, with  approximately  60  percent 
of  the  damage  reported  being  mechanical. 

A  value  of  0.4  service  interruptions 
per  100  miles  per  year  has  been  suggested 
for  the  PCM  system,  however,  a  value  of  1 
appears  more  practical  without  going  to 
the  full  extent  of  a  ’’hardened"  system. 

Sheath  Design .  In  view  of  the  high 
reliability  that  is  desired  from  the  cable, 
and  the  length  of  time  which  may  elapse 
between  an  alarm  and  repair  crews  taking 
corrective  action,  a  modification  has  been 
made  to  the  basic  corrugated  steel  sheath. 

An  aluminum  tape  has  been  bonded  to 
the  inner  surface  of  a  polyethylene  jacket 
containing  longitudinal  flutes  to  increase 
the  dimensions  of  the  outer  envelope  and 
reduce  its  pneumatic  resistance. 

In  the  field  the  cable  will  have  two 
independent  gas  pressurization  systems. 

The  inner  system  being  static  at  approxi¬ 
mately  12  psi  and  the  outer  dynamic  from 
11  to  6  psi. 

The  aluminum  tape  will  be  electrically 
bonded  to  the  outer  steel  envelope  at  all 
repeater  locations,to  assist  in  reducing 
the  sheath  potential  during  a  lightning 
strike  and  improve  the  reduction  or  shield¬ 
ing  factor  of  the  steel  sheath.  Fig-  14 
compares  the  reduction  factor  of  the  pro¬ 
posed  design  to  a  Lepeth  PJ  construction 
with  an  identical  core. 


Fig.  13  is  a  photograph  of  the  com¬ 
plete  cable. 


12-UNIT  NELC-375  CORE 


ALUM/COPOLYMER  BONDED  TAPE, 


LONG  I TUD  IN  ALIY  GROOVED 
POLYETHYLENE  INNER  JACKET 


CORRUGATED  STEEL  SHEATH. 


flooding  compound. 


MEDIUM  DENSITY 
POLYETHYLENE  JACKET. 


FIG.  13  COMPOSITE  LB- 4  CABLE 


50  100  300 

ELECTRIC  FIELD  IN  V/kUOMETER 


(A)  LB-4  Cable  with  Lepeth  PJ  Sheath. 

(B)  LB-4  Cable  with  Aluminum  &  Corrugated 
Steel  Sheath. 


FIG.  14  REBJJCTION  FACTOR  TO  TEE  CENTRE 
CONBUCTOR  OF  A  COAXIAL  UNIT 


Table  V  shows  the  relative  material 
costs  of  the  modified  corrugated  steel 
sheath  against  the  equivalent  Lepeth  PJ 
and  ARPASP  sheath  designs  over  the  same 
core  . 

TABLE  V 

ARPASP  90% 

Modified  Steel  100% 

Lepeth  PJ  210% 

The  possibility  remains  in  the  design 
of  the  sheath  of  converting  to  another  ma¬ 
terial  should  engineering  requirements  jus¬ 
tify  the  increased  cost. 

Installation  Procedures .  While  good 
construction  practices  can  reduce  mechani¬ 
cal  damage,  they  cannot  eliminate  it.  The 
integrity  of  the  polyethylene  jacket/poly¬ 
butene  base  sealing  compound  will  be  eva¬ 
luated  after  installation  by  a  20  kV  DC 
test  between  the  sheath  and  ground. 

The  cable  will  be  buried  at  a  depth 
of  4  ft.  to  reduce  the  incidence  of  me¬ 
chanical  damage.  Within  or  near  built-up 
areas,  that  cannot  be  avoided,  the  cable 
will  be  installed  in  ducts. 

After  installation,  damage  t.o  the  cor¬ 
rosion  protection  is  still  possible  due  to 
lightning,  rodents  or  man.  To  detect  this 
it  is  planned  to  use  electrolysis  test 
points  at  repeater  locations  where  stray 
currents  and  sheath  protection  change. 

The  outer  envelope  gas  alarm  system  will 
give  secondary  protection. 

Emphasis  is  being  placed  on  the  train¬ 
ing  of  personnel  to  reduce  splicing  pro¬ 
blems.  In  addition,  the  number  of  splices 
will  be  kept  to  a  minimum  by  the  use  of 
extra-long  lengths  of  cable. 

Twin  shield  wires  will  be  installed 
approximately  2T  above  the  cable  with  18M 
spacing  to  reduce  lightning  problems.  By 
this  means  and  the  improved  crush  resis¬ 
tance  of  the  sheath  and  core,  crush  damage 
due  to  lightning  should  be  practically  e- 
liminated.  Small  pinholes  caused  by  light¬ 
ning  will  most  likely  only  result  in  cor¬ 
rosion  where  stray  currents  exist6. 

MANUFACTURE 

Units 

Introduction .  Substitution  of  a  cor¬ 
rugated  copper-steel  laminated  outer  con¬ 
ductor  for  flat  copper  resulted  in  a  more 
economic  design.  A  met al lurgical ly  bonded 
seam  was  indicated  desirable  in  order  to 
obtain  superior  mechanical  properties  from 
the  coaxial  unit.  A  structurally  self- 
sufficient  construction,  by  which  is  meant 


a  construction  which  would  provide  better 
resistance  to  flexing,  crushing  and  tor¬ 
sional  stresses  on  the  units,  without  the 
use  of  other  supporting  components  such  as 
binders,  wrappings,  extruded  jackets  etc., 
could  be  obtained  only  by  mechanically  or 
meta 1 lurgical ly  bonding  the  edges  of  the 
outer  conductor  seam.  Soldering  was  se¬ 
lected  because  of  the  problems  imposed  by 
the  corrugated  profile,  speed  of  manufac¬ 
ture  and  possible  heat  damage  to  the  insu¬ 
lating  discs. 

To  obtain  a  soldered  seam  and  at  the 
same  time  a  smooth  circular  inside  profile 
was  a  challenging  problem  which  was  solved 
by  the  "Butt  Strap"  construction.  This 
design  has  many  manufacturing  conveniences: 
1)  the  tooling  for  the  corrugators  is  sim¬ 
ple,  2)  introduction  of  the  solder  to  the 
joint  is  relatively  easy,  3)  the  tooling 
for  roll~forming  the  outer  conductor  is 
straightforward  and  4)  the  butted  con¬ 
struction  permits  the  laminating  of  copper 
and  steel  tapes  in  wide  widths.  The  "Butt 
Strap"  did,  however,  introduce  some  new 
problems,  such  as  precorrugating  two  sepa¬ 
rate  strips,  putting  them  together  so  that 
the  two  profiles  nest  properly,  and  hold¬ 
ing  them  together  during  heating  and  cool¬ 
ing  cycles  of  soldering.  Much  of  the  de¬ 
velopment  effort  was  devoted  to  solving 
these  problems . 

Considerable  work  was  also  put  into 
the  development  of  the  laminating  equip¬ 
ment,  the  Disc  Applicator  for  fast  and  ef¬ 
ficient  application  of  discs  on  the  centre 
wire,  forming  the  outer  conductor  into  a 
circular  tube,  rolling  the  solder  wire  in¬ 
to  a  ribbon  and  soldering  the  seam.  A 
brief  description  of  some  of  the  problems 
we  faced  and  the  present  equipment  is  given 
in  the  following  paragraphs. 

Simplicity  and  reliability  of  opera¬ 
tion  were  always  the  guiding  principles  in 
the  design  and  development  of  this  facili¬ 
ty.  It  was  found  convenient  to  separate 
the  laminating  and  coaxial  manufacturing 
operations.  This  provides  some  versatili¬ 
ty  in  production.  The  volume  of  produc¬ 
tion  foreseen,  and  the  advantages  of  low 
initial  cost,  made  a  coil  to  coil  type,  of 
manufacturing  schedule  the  most  attractive 
system,  instead  of  a  continuous  running 
mill. 

Laminating .  Laminating  copper  to 
steel  using  an  adhesive  copolymer  film  is 
an  apparently  simple  process,  but  practi¬ 
cal  utilization  of  this  process  introduces 
many  manufacturing  problems7.  These  are  1) 
cleanliness  of  the  bonding  surfaces,  2) 
providing  adequate  heat  transfer  to  obtain 
laminating  temperatures,  3)  registering 
the  edges  of  the  three  components,  4)  con¬ 
tacting  the  bonding  faces  and  5}  thickness 
contro 1 . 
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The  copper  and  steel  tapes  are  scrub¬ 
bed,  degreased,  rinsed  and  dried  in  a  spe¬ 
cially  designed  degreaser  which  uses  tri¬ 
chloroethylene  as  the  solvent. 

The  principle  of  electrical  resist¬ 
ance  heating  has  been  used  in  the  Lamina- 
tor  illustrated  in  Photograph  A.  Transfer¬ 
ring  an  adequate  quantity  of  heat  into  the 
tapes  by  contact  type  heaters  proved  to  be 
slow  and  inefficient.  Excessive  surface 
temperatures  in  the  copper  could  give  rise 
to  tarnishing  and  oxidizing.  The  resis¬ 
tance  heating  arrangement  has  worked  very 
well. 


Tracking  and  alignment  of  the  edges 
of  the  tapes  are  serious  problems,  espe¬ 
cially  on  thin  and  delicate  materials  such 
as  the  0.004  in.  thick  copper  tape.  We 
have  overcome  many  of  these  problems  by 
employing  floating  type  guides. 

When  hot,  the  copolymer  ribbon  becomes 
sticky  and  adheres  to  any  hot  object  it 
contacts.  Further,  when  a  small  quantity 
of  this  substance  is  deposited  on  a  roller, 
over  which  the  hot  laminated  tape  passes, 
the  resulting  hot  copolymer  lump  picks  up 
more  of  the  same,  thus  accumulating  large 
quantities  in  a  short  time.  Consequently, 
we  have  avoided  contacting  any  hot  rolling 
surfaces  with  the  laminated  tape. 

The  final  thickness  is  obtained  by 
squeezing  the  semi-bonded  tapes  between  a 
pair  of  cool  rollers. 

The  Laminating  line  has  operated  sa¬ 
tisfactorily  at  speeds  up  to  120  feet  per 
minute.  Peel  strengths  usually  obtained 
are  in  the  neighborhood  of  16  to  18  lbs/in. 

Insulating .  Application  of  Polyethy¬ 
lene  discs  on  the  center  wire  at  high 
speeds  has  undergone  much  development.  On 
conventional  machines  there  are  two  dis¬ 
tinct  problems:  1)  orienting  and  feeding 
the  discs  at  the  required  -rate  and  2) 
slitting  and  applying  discs  on  the  centre 
wire.  The  equipment  available  for  orient¬ 
ing  and  feeding  were  found  to  be  too  slow 
for  the  line  speeds  contemplated  for  this 
unit . 

Considerable  effort  was  spent  in  de¬ 
veloping  a  fast  feeder  for  loose  discs 
which  could  deliver  the  discs  in  excess  of 
2000  per  minute.  However,  the  oriented 
discs  still  had  to  negotiate  the  feeding 
tracks  on  their  way  to  the  disc  applicator 
and  many  small,  but  significant,  factors 
contributed  to  the  frequent  stoppage  of 
disc  flow,  such  as  static  electricity,  fo¬ 
reign  particles  and  plastic  dust^to  name 
only  a  few. 


After  numerous  trials  mechanical  for¬ 
ce  feeding  of  the  discs  was  found  to  be 
the  answer  and  the  idea  of  a  disc  chain 
evolved.  Instead  of  punching  loose  discs 
from  a  plastic  strip,  a  chain  of  discs  is 
stamped.  This  chain  is  synchronously  fed 
into  the  disc  applicator  by  a  pair  of 
squeeze  rollers.  The  disc  applicator 
wheel  has  cutting  knife  elements  mounted 
on  it  which  sever  the  disc  from  the  chain 
The  rest  of  the  disc  application  mechanism 
is  similar  to  that  on  the  serrated  seam 
machines;  namely,  the  slitting  of  the 
discs  radially,  opening  the  slit  by  pass¬ 
ing  the  slit  disc  over  a  gradually  expand¬ 
ing  guide  member  and  depositing  it  on  the 
centre  wire.  Photographs  B  and  C  illus¬ 
trate  this  machine. 

This  system  has  performed  very  well. 
Speeds  up  to  120  fpm  can  be  obtained  and 
the  frequency  of  missing  discs  has  been 
reduced  by  a  couple  of  orders  of  magnitude 
from  the  existing  design. 

Corrugating  and  Tube  Forming .  The 
butt  strap  construction  requires  two  cor- 
rugators,  one  for  the  laminated  tape  and 
the  other  for  the  butt  strap.  The  profile 
of  corrugation  of  the  butt  strap  is  design¬ 
ed  so  that  proper  nesting  is  obtained  when 
the  butt  strap  is  laid  over  the  corruga¬ 
tions  of  the  laminated  tape.  The  drive 
for  the  two  corrugators  is  arranged  so 
that  an  identical  number  of  corrugations 
are  produced  on  each  tape  per  each  revolu¬ 
tion  of  the  corrugator  drive  shaft. 

The  Tube  Former  is  a  simple  roll  form¬ 
ing  machine  with  eight  roll  stands.  All 
the  eight  sets  of  rolls  are  driven  and  the 
tooling  is  designed  so  that  the  insulated 
centre  conductor  passes  right  through  the 
tooling. 

Photographs  D  and  E  illustrate  the 
Corrugator  and  Tube  Former  respectively. 

Solder  Flattening  and  Fluxing .  This 
equipment  required  considerable  develop¬ 
ment.  The  starting  material  is  a  solid 
solder  wire.  When  a  soft  solder  wire  is 
rolled  into  a  ribbon,  the  width  obtained  is 
dependent  upon  many  variables  such  as  the 
surface  roughness  of  the  rolls,  the  temper¬ 
ature  of  the  rolls,  the  lubrication  of  the 
rolls,  the  front  tension  of  the  ribbon, 
the  back  tension  of  the  incoming  wire,  etc. 
All  these^  variables  have  to  be  held  within 
very  narrow  limits  in  order  to  obtain  ac¬ 
curacy  of  dimensions  of  the  ribbon.  Solid 
solder  wire  is  rolled  and  the  solder  rib¬ 
bon  thus  produced  is  then  passed  through  a 
Flux  Applicator  to  produce  a  thin  covering 
of  flux  on  the  ribbon.  In  this  manner  the 
flux  remains  on  the  outside  of  the  ribbon 
where  it  is  most  effective. 
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Soldering  Apparatus .  The  combination 
of  the  tube  formed  by  the  laminated  corru¬ 
gated  tape,  the  fluxed  solder  and  the  butt 
strap  are  heated  to  soldering  temperature 
by  means  of  a  radio  frequency  induction 
coil.  The  power  generation  equipment  is 
simple  and  conventional. 

The  joining  elements  are  held  to¬ 
gether  by  a  fixture  during  their  heating 
and  cooling  cycle8. 

A  drum  capstan  and  a  traversing  take- 
up  form  the  rest  of  the  apparatus. 

Performance .  The  insulating  and  sol¬ 
dering  line  can  run  at  line  speeds  up  to 
120  fpm .  The  present  operating  speed  of 
the  line  is  80  fpm.  The  drive  arrangement 
and  the  control  of  the  line  are  quite  sim- 
ple . 

Cable 


General .  Special  equipment,  atmos¬ 
phere  control  equipment  and  a  complete  re¬ 
organization  of  the  production  facilities 
were  necessary  to  manufacture  the  LD-4  ca¬ 
ble.  The  entire  unit  manufacturing  area 
will  be  temperature,  humidity  and  dust 
controlled..  The  cabling,  jacketing, 
sheath  welding  and  stripper- locate  areas 
will  be  completely  air  conditioned.  The 
jacketing  line,  the  s tripper - 1 ocate  equip¬ 
ment  and  the  inspection  facilities  have 
also  been  specially  modified  to  suit  the 
needs  of  manufacturing.  A  brief  descrip¬ 
tion  of  some  of  the  new  facilities  is  pre¬ 
sented  in  the  following  paragraphs. 


Cabling  Facilities .  Cabling  of  the 
coaxial  units  may  introduce  Structural 
Return  Loss  particularly  at  lay  frequen¬ 
cies.  Experience  with  this  problem  has 
been  applied  to  the  development  of  a  new 
Cab  1 er  designed  especially  for  coaxial  ca¬ 
bles.  This  equipment  will  be  installed  in 
1972.  It  will  have  twelve  coaxial  give- 
ups  in  the  beginning  with  features  that 
could  extend  this  number  to  eighteen  at  a 
later  time.  The  give-ups  are  located  sym¬ 
metrically  in  one  plane  with  special  con¬ 
sideration  given  to  small  angles  of  deflec¬ 
tion  at  guides  and  lay  plates.  Centrifu¬ 
gal  tensions  and  the  cyclical  variations 
of  these  will  be  kept  to  a  minimum  by  em¬ 
ploying  a  rotating  capstan  and  a  rotating 
take-up.  This  cabler  incorporates  good 
tension  control  systems  for  the  give-ups 
and  a  random  lay  variation  feature  should 
this  be  necessary. 


Welded  and  Corrugated  Sheath  Line . 

The  steel  sheath  welding  and  corrugating 
line  utilizes  the  inert  gas  electric  arc 
welding  process.  This  line  has  been  well 
proven  in  many  countries  particularly  in 
Europe.  The  corrugator  is  of  the  eccen¬ 
tric  ring  travelling  carriage  type.  Pho¬ 
tograph  F  shows  the  Tube  Forming  and  Weld¬ 
ing  sections  of  this  line  and  Photograph 
G  shows  a  close-up  view  of  the  corrugator. 
Following  the  manufacture  of  the  welded 
sheath  a  gas  pressure  test  is  carried  out 
to  ensure  the  integrity  of  the  weld.  Over 
the  welded  sheath  a  moisture  barrier  of  a 
specially  formulated  flooding  compound  is 
applied.  This  completely  fills  the  cor¬ 
rugations  of  the  sheath,  thereby  providing 
a  reservoir  of  compound  to  seal  any  de¬ 
fects  in  the  outer  jacket  which  may  arise 
in  service. 


PRODUCT  EVALUATION 


Electrical  Characteristics 

The  following  results  are  from  product 
made  during  a  period  of  12  months  on  proto¬ 
type  equipment.  Since  both  the  equipment 
and  the  product  had  been  under  development 
during  this  period,  some  anomalies  have 
had  to  be  allowed  for  in  the  results. 

Impedance .  The  stability  of  the  mean 
characteristic  impedance  during  processing 
has  been  impressive.  For  example,  to  allow 
for  an  anticipated  decrease  in  impedance 
during  the  various  manufacturing  stages, 
the  unit  was  designed  to  have,  at  the  ini¬ 
tial  manufacturing  stage,  an  impedance  of 
75.2  ohms  at  2  MHz  using  a  125  nano-second 
pulse.  Due  to  the  excellent  handling  char¬ 
acteristics  of  the  unit  no  significant  de¬ 
crease  in  impedance  occurred. 

The  new  unit's  average  impedance  is 
approximately  .2  ohm  above  the  existing 
serrated  seam  design  at  2  MHz,  and  .2  ohm 
below  75  ohms  at  "infinite"  frequency.-  No 
further  changes  are  contemplated  in  the 
impedance  1  eve  1 . 

The  control  of  the  mean  characteris¬ 
tic  impedance  has  been  very  precise  with 
this  equipment.  The  standard  deviation  of 
the  last  batch  of  21  reels  was  within  .08 
ohms  with  an  average  of  75.26  ohms. 

Relative  to  the  mean  characteristic 
impedance,  the  deviation  of  the  effective 
characteristic  impedance,  when  measured 
using  a  radio  frequency  source,  was  poor. 
The  main  cause  of  this  was  traced  to  steel 
raw  material  variations,  and  the  same  cor¬ 
rective  action  was  taken  as  in  the  case  of 
SRL  problems.  These  deviations  are  criti¬ 
cal  for  the  analogue  systems. 
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Fig.  15  shows  the  variation  of  the 
characteristic  impedance  with  frequency 
based  on  the  computer  predictions.  Actual 
measured  mean  values  using  the  r.f.  tech¬ 
nique  were  .4  to  .1%  higher  than  predicted 
between  .5  and  10  MHz.  The  present  range 
of  deviations  (.8%)  are  shown  in  this  fig¬ 
ure  relative  to  the  theoretical  mean  for 
graphical  purposes  only.  Deviations  as 
great  as  1.5%  have  been  detected. 


The  amount  of  ripple  on  the  attenua¬ 
tion  curve  is  very  critical  to  the  digital 
system  and  has  to  be  controlled  precisely. 
The  maximum  R.M.S.  deviation  desired  from 
the  mean  is  specified  at  0.08%.  Present 
indications  are  that  this  value  is  under 
.17%  with  some  portion  due  to  measurement 
error.  More  precise  methods  of  attenua* 
tion  measurement  are  being  developed. 

'Phase .  Fig.  17  shows  the  theoretical 
phase  change  predicted  by  the  computer 


68  °  F  . 


FIG .  17  PEASE  CHANGE  VERSUS  FREQUENCY 
FOR  CORRUGATED  .375"  DESIGN 


.72 j  NEIC-375  ICORRUGATEDI 


1  l  20  40  60  80  100  MHi 


FIG.  16  ATTENUATION  DIVIDED  BY  SQUARE 

ROOT  OF  FREQUENCY  FOR  CORRUGATED 
AND  SERRATED  SEAM  .375"  DESIGNS 

To  permit  an  enlarged  scale  for  Fig. 
16  the  attenuation  has  been  divided  by  the 
square  root  of  frequency.  A  comparison  is 
made  with  the  serrated  seam  design,  and 
between  computed  and  actual  measurements 
on  the  corrugated  design. 


Structural  Return  Loss.  All  units 
manufactured  to  date  have  been  "swept”,  in 
the  laboratory,  from  5  to  500  MHz.  Al¬ 
though  a  very  high  value  of  SRL  is,  in  it¬ 
self,  unnecessary  for  the  digital  system, 


FIG_.  1 8  PERCENTAGE  OF  SRL  READINGS 
BELOW  32  dB 
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the  initial  object  is  to  maintain  the  SRL 
level  above  30  dB  up  to  320  MHz.  Fig.  18 
is  an  interesting  pictorial  representation 
of  the  gradual  elimination  of  SRL  problems 
during  the  development.  The  trouble  ob¬ 
served  in  the  vicinity  of  350  MHz  has 
since  been  removed  by  a  machine  alteration. 

Subsequent  processes  can  still  alter 
the  SRL  level  of  the  basic  unit.  Table  VI 
is  an  example  of  such  a  problem  on  an  ear¬ 
ly  development  cable,  observed  at  the  ca¬ 
bling  lay.  This  trouble  was  detected  af¬ 
ter  jacketing  and  was  caused  by  a  high 
pressure  point  on  the  jacketing  line,  ex¬ 
erting  pressure  on  the  unsheathed  core. 

TABLE  VI 

SRL 

AVERAGE  OF  WORST  VALUE 
IN  FOUR  UNITS 


FREQ 

.  RANGE 

UNIT 

FORM 

FINAL 

FORM 

MHz 

dB 

5 

-  40 

28 

.9 

31 

.6 

40 

-  80 

26, 

.  2 

27 

.8 

80 

-  120 

30 

.  5 

31 

.  5 

120 

-  160 

29, 

.  3 

32 

.0 

160 

-  200 

30, 

.6 

28  , 

.  2 

200 

-  240 

32  , 

.  0 

26  , 

.8  + 

240 

-  280 

29, 

.8 

30, 

.6 

280 

-  320 

27. 

.  1 

30  . 

.  5 

320 

-  360 

29. 

.  7 

27. 

.  3 

360 

-  400 

10  . 

.  7 

8  . 

.2 

400 

-  440 

30  . 

,4 

28  . 

.8 

440 

-  480 

24. 

,  5 

28  . 

,  9 

480 

-  500 

30  . 

,  7 

30  . 

,  2 

Crosstalk .  Far  end  output  to  output 
crosstalk  levels  exceed  150  dB  above  600 
kHz.  Fig. 19  shows  the  results  obtained  be¬ 
tween  adjacent  units  of  a  2000  ft.  length 
of  cable. 


FIG.  19  NEAR-END  AND  FAR-END  CROSSTALK 
BETWEEN  CORRUGATED  .375"  UNITS 
IN  2000  FT.  LENGTH  LD-4  CABLE 


Other  Tests  .  In  addition  to  the  a- 
bove  requirements  the  unit  has  also  to 


meet  insulation  resistance  and  corona  re¬ 
quirements  at  2500V  DC  and  2000V  AC  re¬ 
spectively,  due  to  power  feeding  and  power 
line  induction  limitations.  Other  more 
common  tests  such  as  dielectric  strength 
and  conductor  resistance  are  also  perform¬ 
ed. 

Physical  Characteristics 

The  cable  and  the  individual  coaxial 
units  have  been  subjected  to  a  series  of 
physical  tests  some  of  which  have  been  co¬ 
vered  in  preceding  sections. 

Bend  Tests.  The  complete  cable  has 
been  subjected  to  a  series  of  static  and 
dynamic  bend  tests.  Again  a  T.D.R.  tech¬ 
nique  was  used  to  detect  any  impedance 
change  in  the  unit.  In  the  static  tests 
no  impedance  changes  were  detected  until 
the  radius  of  bend  was  less  than  15".  In 
the  dynamic  test,  the  units  returned  to 
their  original  impedance  levels  after  nu¬ 
merous  pulls  around  a  24"  radius  sheave. 

Tension  Tests ♦  Pulling  eyes,  fitted 
to  the  end  of  the  cable,  have  transferred 
a  tension  of  at  least  4000  lbs  to  the 
units  and  the  sheath  without  any  adverse 
effect  on  the  electrical  properties  of 
the  units . 

Crush  Tests.  The  results  of  Crush 
Tests  on  the  complete  cable  are  as  shown 
in  Fig.  20.  It  should  be  noted  that  the 
resistance  to  crush  of  this  12-unit  cable 
is  approximately  90%  greater  than  the  8 
unit  ARPASP  cable  evaluated  initially. 


FIG.  20  THE  EFFECT  OF  A  COMPRESSIVE  FORCE 
OVER  A  6"  LENGTH  OF  12-UNIT 
CORRUGATED  .375"  COAX.  IN 
LD-4  CABLE 

Field  Evaluation 

Duct  Installation.  The  cable  , which 
has  a  nominal  diameter  of  2.8",  was  pulled 
into  and  out  of  a  series  of  seven  3.5" 
ducts  to  evaluate  its  handling  characteris- 
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tics.  24"  sheaves  were  used  to  guide  the 
cable  in  the  manholes. 

T.D.R-.  impedance  traces  taken  before 
and  after  this  series  of  tests  indicated 
that  the  impedance  changes,  (a)  were  below 
0.1  ohm  over  a  distance  that  would  be  sig¬ 
nificant  at  the  bit  rate,  (b]  did  not  af¬ 
fect  all  units  equally,  and  (c)  were  re¬ 
stricted  to  a  section  within  10f  of  the 
pulling  eye.  The  maximum  deviation  detect¬ 
ed  was  .3  ohm  but  well  beyond  the  frequen¬ 
cy  spectrum  of  the  PCM  system. 

The  tensions  necessary  during  the 
test  were  greater  than  those  calculated 
theoretically,  due  presumably  to  the  great¬ 
er  rigidity  in  the  sheath  and  the  lack  of 
precise  profile  data  on  all  duct  runs  used. 
An  "apparent"  coefficient  of  friction  of 
0.85  will  be  used  for  existing  duct  struc¬ 
tures  until  more  data  is  accumulated. 

The  cable  was  found  to  have  suffi¬ 
cient  flexibility  for  normal  racking  and 
storage  in  manholes. 

Buried  Installation.  The  plowshare, 
shown  in  Fig.  4,  was  modified  to  take 
larger  diameter  cable  and  used  in  a  series 
of  plow  manoeuvres  with  the  LD-4  cable,  on 
farmland  in  the  vicinity  of  Edmonton,  Al¬ 
berta.  As  in  the  initial  evaluation  the 
minimum  radius  of  turn  was  8  feet . 

A  pulse  echo  "Ref 1 ec tomat"  and  a 
T.D.R.  were  used  to  determine  the  impedance 
levels  before,  during  and  after  the  plow¬ 
ing  trial.  All  outer  units  and  a  sample 
of  the  inner  units  were  evaluated.  No 
change  was  detected  in  the  impedance  level 
of  any  unit  by  either  test. 
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taken  in 

the  field 

to  protec 

t  the  cabl 

e  . 

At  some 

point  a  lev 

el  of  reli 

ability  ha 

s 

to  be  ac 

cepted  in  x 

elation  to 

other  con 

- 

s traint s 

within  the 

system . 

An  area  wh 

ere 

further 

improvement 

is  needed 

is  in  red 

uc  - 

ing  the 

time  that  c; 

an  elapse 

between  a 

c  a  - 

tastroph 

ic  failure, 

where  the 

cable  is 

bad- 

1 y  cut. 

and  a  return  to  servi 

ce .  With 

semi -air 

dielectric 

cable ,del 

ays  can, in 

some  ins 

tances,  be  < 

caused  by 

water  migr 

at  - 

ing  alon 

g  the  cable 

before  th 

e  repair  c 

rew 

arrives . 

A  specially  designed  filled  coaxial 
cable  would  under  these  circumstances  re¬ 
duce  the  time  period  required  to  effect  a 
permanent  repair.  The  increased  cable 
cost  has  however  to  be  equated  against  the 
number  of  occurrences  and  system  savings. 

In  addition, before  a  filled  coaxial 


ca 

ble 

can 

be  used  it  will  be 

neces 

sary  to 

en 

sur 

e  that  (a)  the  flooding 

compound  will 

have 

no  deleterious  effect  on 

the 

long- 

t  e 

rm 

s  tabi 

lity  of  the  coaxial 

unit 

,  (b)  it 

wi 

11 

be  po 

ssible  to  retain  th 

e  advantages 

o  f 

th 

e  gas 

pressurization  sys 

tern  for  toll 

cable 

and 

(c)  system  economic 

s  wi  1 

1  not  be 

adver 

sely 

affected  . 

One  m 

ethod  of  achieving 

this 

would  be 

to 

us 

e  the 

dielectric  spacer 

discs 

as  a 

wa 

ter 

bloc 

k  within  the  coaxia 

1  uni 

t s  and 

to 

fi 

11  th 

e  outer  interstices 

of  t 

he  cable 

wi 

th 

a  sui 

table  filling  compound. 

In  the 

pr 

esent  de 

sign  the  outer  enve 

lope 

would 

th 

en 

per  f  o 

rm  the  dual  function  of 

acting 

as 

a 

gas  pressure  warning  dev 

ice  a 

nd  a  low 

re 

lat 

ive  humidity  environment 

for 

the  coax 

ia 

1  c 

ore  . 

CONCLUSION 

The  program  which  has  been  described 
has  resulted  in  the  development  of  cable 
which  can  (a)  be  manufactured  and  install¬ 
ed  more  economically  than  a  comparable 
lead  sheathed  cable,  (b)  withstand  greater 
mechanical  forces  with  less  electrical  de¬ 
gradation  than  existing  cables,  and  (c) 
lend  itself  to  future  modifications.  As¬ 
suming  the  precautions  indicated  are  taken 
in  hazardous  lightning  areas  the  cable 
will,  we  feel,  prove  itself  to  have  a  re¬ 
liability  equivalent  to  that  of  a  similar 
lead  sheathed  cable  in  the  same  environ¬ 
ment,  over  the  life  span  of  the  system. 
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APPENDIX  UA 

Considering  a  half  cycle  of  the  cor¬ 
rugation,  if  the  profile  is  defined  by 
y  =  f tx)  then  the  capacitance  of  a  portion 
Ax  at  distance  x,  as  shown  in  figure  1,  is 
given  by: 


The  first  type  zero  order  real  and 
imaginary  Kelvin  functions  may  be  approxi¬ 
mated  using: 


BERo(*>  =  TliaT 


[L0(x)  COS(B)  -  Ma(x)  SIN  (  6)  ] 


BEIn (x) 


[M0(x)  COS(B)  -  L0(x)  SIN(B)] 


(x  it  \ 

72  '  ‘) 


L°(x)  =  1  +  rm  cosi + 


FIG .  21  TRANSFORMATION  FROM  CORRUGATED 
TO  FLAT  PROFILE 

The  total  capacitance  of  the  half  cy¬ 
cle  is  obtained  as  Ax^-0  by  integrating  from 
x=o  to  x=S/2.  The  result  then  defines  the 
effective  diameter  of  the  profile  by  equat¬ 
ing  the  capacitance  obtained  for  configura¬ 
tion  A  to  that  obtained  for  configuration 
B.  Assuming  a  similar  dielectric  constant 
for  both  configurations,  since  the  volume 
change  is  small,  and  the  dielectric  con¬ 
sists  mainly  of  air, the  effective  diameter 
of  the  outer  conductor  may  be  expressed 


1  ^  COS2  —  4- 

2!  ( 8x) 2  C0S  4 


TiTSSINl 


llll  SIN2TL 

2  !  ( 8x)  2  4 


Substituting  the  L0  [x)  and  M0 (x)  ex¬ 
pressions  into  the  expressions  describing 
the  Kelvin  functions  and  adding  similar 
terms,  modified  expressions  for  the  Kelvin 
functions  are  obtained  which  are  easier  to 
evaluate . 


D2  =  Di  EXP 


Q  /  9  _ _ 

20T/ 6  ln(2f(x)/Di) 


APPENDIX  1 ,  B 


For  example,  expanding  the  expression 
for  BER0(x)  it  may  be  written: 

BER0(x)  =  e-c//2  [cose  +  (COS  6  COS|  + 


The  evaluation  of  the  Kelvin  func¬ 
tions  was  carried  out  using  the  normal 
power  series  for  small  argument  values, 
and  asymptotic  approximations  to  the  se¬ 
ries  for  larger  arguments.  The  approxi¬ 
mations  are  "s emi -divergent "  in  that  they 
converge  to  an  accurate  value  for  the  Kel¬ 
vin  function  and  then  diverge  quite  rapid¬ 
ly.  This  stability  point  also  varies  lin¬ 
early  with  the  argument  value,  therefore 
to  obtain  best  results  the  number  of  terms 
used  was  varied  according  to  the  size  of 
the  argument . 


\,'A"xT  (cose  cos +  SIN6  SIN^)  +  "■ 


C0Se  +  iflx  C0S<Q-V  + 


Stfc,  *  •• 


g  \  (x)  cose  +  1  Al  COS(e-lj) 

I  1=1 


Where  Al 


(  2 l-l ) 2 ! 
I!  8x 


;  g  i(x) 
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Extending  this  to  nth  order  functions 
of  all  four  kinds  of  Kelvin  functions  a 
set  of  expressions  may  be  written. 

k  1 

BERn (x)  =  g i(x)  COSQ  +  l  (~1)L 

1=1 

ai  cos(e-ij) 
k  i 

BEI„(x)  =  g i(x)  SIN  6  +  l  (-1) 

1=1 


If  the  addition  portion  of  the  ex- 
pression  describing  BER0(x)  is  rewritten 
as  follows,  then  the  steps  required  to 
carry  out  the  multiplications,  from  the 
last  term  back  to  the  first,  become  ob¬ 
vious  . 

k 

Call  z  =  2  A  If  l  (  §) 

1=1 

z  =  AififQ)  +  Azfz(Q)  +  A3f3(Q)  +  ...  etc. 


At  SIN(e-lj) 

KERn(x)  =  gz(x)  C0S(B+it/4)  + 

k  TT 

i  ai  cost e+d+i)j  ) 

e=l 

KEIn(x)  =  gi(x)  SIN(Q+j)  + 

I  Al  SIN(6+(l+l)j  ) 
1=1 

Where 

gi(x)-e*"iS  gz<*)  «  Ji:.e-X//2  ; 

/2ttx  1  2x 

x  7T  .WIT  (  4n2  -  (  21-1  )2  )  ! 

Q~72~'8+'2;AL~  l!8x 

A  plot  of  term  values  versus  term 
numbers  for  various  argument  values  reveal¬ 
ed  that  a  decrease  in  value  occurs  up  to 
the  point  where  the  term  number  is  twice 
the  argument  value,  (i.e.  K=2x) ,  indicating 

that  proceeding  further  decreases  the  ac¬ 
curacy  of  the  approximation.  This  point 
was  termed  the  stability  point,  and  all 
functions  were  evaluated  with  a  number  of 
terms  less  than  or  equal  to  the  particular 
stability  point  for  that  argument. 


Where 


But  Ai  —  A iB 2 
As  —  A  2B3 

=  AsBii  etc . 


(21-1) 

l . 


Then 

z  =  Ai(fi(e)  +  Bz(fz(e)  +  b3  (f3  re;  + 

Bn(f*(  e;. . .  etc.  )))) 

then  starting  from  the  central  value  which 
is : 

the  computations  can  proceed  to  the  value 

of  z . 


As  the  argument  increases,  the  number 
of  terms  required  for  maximum  accuracy 
rapidly  approaches  the  point  where  their 
value  cannot  be  directly  computed  with 
conventional  approaches  and  present  com¬ 
puter  hardware.  A  method  of  accumulative 
multiplication  was  devised  and  employed  to 
obtain  the  best  results.  The  method  en¬ 
sured  that,  at  all  times,  the  machine  op¬ 
erations  produced  results  which  were  with¬ 
in  the  hardware  range  of  accuracy. 
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PHOTOGRAPH  A 

The  Laminator  which  employs 
the  principle  of  electrical 
resistance  heating . 


PHOTOGRAPH  B 

Front  View  of  Disc  Applicator . 


PHOTOGRAPH  C 

Side  View  of  Disc  Applicator . 


PHOTOGRAPH  D 


The  Corrugator  Complex  which 
comprises  of  the  corrugators 
for  the  laminated  tape  and 
the  hutt  strap. 


PHOTOGRAPH  E 


The  Forming  Mill  for  producing 
the  outer  conductor . 


PHOTOGRAPH  F 


The  Tube  Forming  and  Welding 
Section  of  the  Uniwema  Sheath 
Welding  Line . 
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Summary 

This  paper  describes  the  development  of  the 
375  type  18  core  coaxial  cable  primarily  for  use 
in  the  60MHz  system  with  its  electrical  and  mecha¬ 
nical  characteristics,  a  new  connector  splicing 
method  and  associated  splicing  tools,  and  the  test 
data  of  the  cable  under  practical  conditions. 

Introduction 

The  demands  are  rapidly  increasing  year  by 
year  for  nation-wide  communication  networks  in 
Japan  not  only  because  of  the  expanding  telephone 
services  but  also  because  of  anticipation  of  vari¬ 
ous  new  services  in  the  future  such  as  video  tele¬ 
phone,  high  speed  facsimile,  data  communication 
and  so  on.  In  order  to  satisfy  these  demands, 
various  new  transmission  systems  have  been  exten¬ 
sively  explored. 


Table  1  shows  a  comparison  of  the  typical 
long  haul  transmission  line  systems.  It  should  be 
noted  that  "channel  capacity  per  unit  of  a  cross- 
section"  would  be  the  most  convenient  economical 
measure  among  the  system  parameters  in  Table  1.  It 
is  particularly  valid  for  crowded  regions  as  in 
the  belt  shaped  area  between  Tokyo  and  Osaka  in 
Japan.  As  shown  in  Table  1,  the  system  C-60M  us¬ 
ing  375  type  coaxial  cable  is  one  of  the  most 
favorable  systems  regarding  the  measure  of  "chan¬ 
nel  capacity  per  unit  of  the  cross-section".  Tak¬ 
ing  it  into  consideration  to  utilize  the  3  inch 
conduits  which  are  prevailing  as  the  maximum  stan¬ 
dard  size  over  Japan,  the  C-60M  system  using  18 
core  coaxial  cable  is  expected  to  be  one  of  the 
most  effective  mass  transmission  media.  The  chan¬ 
nel  capacity  in  this  case  reaches  approximately 
100,000  voice  channels  which  will  be  on  the  high¬ 
est  level  in  the  world  at  present. 


Table  1  Comparison  of  Long  Haul  Transmission  Systems 


Item 

C-60M 

L-4* 

PCM-100M 

MM-WG 

Transmission 

Line 

375  Type  Coaxial 

Cable 

375  Type  Coaxial 

Cab  le 

3  Balanced  Pairs 

Shielded 

Helix  Waveguide 

Lined  Waveguide 

Dimension 

1  core  11  mm  O.D. 

1  core  11  mm  O.D. 

1.2  mm  <i>  PEF 

80  mm  O.D. 

of  Line 

18  core  65  mm  O.D. 

20  core  76  mm  O.D. 

3  pair  unit  16mm  0D 

51  mm  I.D. 

Frequency 

Up  to  61  MHz 

Up  to  17.5  MHz 

Up  to  100  MHz 

40  ~80  GHz 

Repeater 

1.5  Km  (0.94  Miles) 

3,2  Km  (2  Miles) 

1.5  Km  (0.94  Miles) 

20 ~  40  Km 

Spacing 

Channel 

10,800  ch 

3,600  ch 

1,440  ch 

300,000  ch 

Capacity 

Per  Core 

Per  Core 

Per  Pair 

Channel 

Capacity 

Per  Unit 

** 

Cross-Section 

59 

16 

k  k  k 

14 

60 

*  System  of  A.  T.  T.1 

**  Calculated  as  a  unidirectional  transmission. 

***  Sheath  diameter  of  one  unit  is  supposed  to  be  20  mm. 
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This  paper  describes  the  development  and 
practical  application  of  the  375  type  18  core  co¬ 
axial  cable  and  associated  accessories  for  high 
capacity  transmission  systems  with  the  frequency 
region  of  more  than  60  MHz.  It  was  recognized 
that  the  18  core  coaxial  cable  should  have  rather 
better  electrical  characteristics  than  conventio¬ 
nal  coaxial  cables  containing  less  than  12  cores, 
in  spite  of  the  larger  diameter  and  the  more  com¬ 
plicated  structure  caused  by  more  cores. 
Furthermore,  splicing  methods,  termination  methods 
and  stub  cable  should  have  been  newly  developed 
as  associated  accessories  in  order  to  attain  com¬ 
plete  system  performance. 

■k 

C-60  M  System 

Figure  1.  shows  the  long  haul  transmission 
lines  of  extended  bandwidth  developed  in  Europe9 
and  America.  The  newly  developed  C-60  M  system^ 
in  Japan  can  transmit  10,800  voice  channels, 

6  color  television,  or  30  -  36  video  telephone 
(1MHz)  channels,  per  pair  of  coaxial  cores'  using 
the  bandwidth  of  4,287  -  61,160  KHz  and  transistor 
repeaters  every  1,5km  (0.94  miles)  as  shown  in 
Table  2. 

This  system  was  constructed  in  1970,  for  a 
route  of  approximate  60km  (38  miles)  as  a  field 
trial,  and  it  has  been  studied. 

*  This  system  will  be  equivalent  to  the  next 
step  of  L-4  or  perhaps  L-5  system  in  A.T.T. 
which  is  not  formally  published  yet. 


FIG.  1  DEVELOPMENT  STAGES  OF 
F.D.M.  COAXIAL  SYSTEMS 


Table  2 


Description  of  C  -  60  M  System 


Channel 

Capacity 

Telephone  :  10,800  ch  or 

Color  T.  V. :  6  ch 

Frequen cy 
Band 

4,287  -  61,160  KHz 

Cable 

2. 6/9. 5  iran  (375  Type) 

Coaxial  cable 

Repeater 

Spacing 

Standard:  1.5  Km 

A  G  C 

Common  control  based 
on  Thermal  A.  G.  C. 

Power 

Feeding 

150  mA  DC  maximum  1700V 

Constant  current  both-end  supply 
(Power  supply  distance:  100  Km) 

Supervisory 

Station  -  Originating 

Oscillation  method  for  Fault- 
locating, 

Band:  3.5  -  3.7MHz,  2KHz  spacing 

Hypothetical 

Reference 

Circuit 

2 , 500Km  (CH:  1  link,G&SG: 

3  links, MG:  6  links, SMG:  9  links. 
Video:  3  links) 

Noise 

Telephone:  2,500  Km,  10,000  pW 
Terminal  :  2,500  pW 

Line  :  3  pW/km 

18  Core  Coaxial  Cable 

Structure 

Cables  containing  up  to  12  coaxial  cores  are 
available  at  present.  Table  3  shows  an  evalua¬ 
tion  of  several  cables  containing  coaxial  cores 
greater  than  14.  18  was  adopted  as  the  most  suit¬ 

able  number  of  the  coaxial  cores  considering  the 
following  conditions. 


(i) 

The  number  should  be  even. 

(2) 

The  diameter  should  be  less  than 
for  the  installation  into  3  inch 
conduits . 

71.5  mm 
underground 

(3) 

The  cable  structure  should  be  electrically 
and  mechanically  stable  during  manufacture 
and  installation. 

The  structure  of  18  core  coaxial  cable 
shown  in  Fig.  2  and  Table  4. 

is 
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It  is  desired  that  the  attenuation  of  each 
core  becomes  as  similar  as  possible  by  keeping  the 
physical  lengths  of  coaxial  core  constant,  in 
order  to  facilitate  the  adjustment  of  gain  of  the 
repeater  amplifier  after  construction  and  the 
transmission  circuit  alternation  in  case  of  cir¬ 
cuit  damage.  The  lay  length  ratio  of  the  inner 
to  the  outer  coaxial  cores  is  chosen  so  as  to  keep 
about  1  to  2  ratio,  calculated  from  the  ratio  of 
the  average  core  diameters. 

Because  of  differences  in  both  lengths,  the 
coaxial  cores  in  the  outer  layer  cross  over  those 
in  the  inner  layer.  This  affects  the  allowable 
number  of  repeated  bendings.  To  solve  this  prob¬ 
lem,  the  following  means  were  found  effective  by 
experiment. 

(1)  To  provide  paper  cushion  thicker  than  about 
1  mm  between  both  layers. 

(2)  To  shape  the  outer  circumference  of  the  in¬ 
ner  layer  of  the  6  cores  as  round  as  possi¬ 
ble,  by  means  of  enough  paper  wrappings  over 
the  6  interstice  quads  in  the  inner  layer. 

The  latter  is  better,  because  the  overall  dia¬ 
meter  can  be  kept  smaller. 


As  for  the  interstice  quads,  it  is  estimated 
that  a  minimum  of  20  control  pairs  are  needed  for 
Common  Automatic  Gain  Control  (C-AGC)  circuits , 
outside  plant  alarms,  express  order  wire,  and 
so  on.  Cable  structure  for  using  a  commercial 
test  contains  36  interstice  pairs  (18  quads)  as 
shown  in  Fig.  2. 


Table  4  Nominal  Dimensions  of 
18  Core  Coaxial  Cable 


Outer  Dia.  of  Cable  Core 

59  mm 

(Over  Wrapping  Tapes) 

Thickness  of 

2.9  mm 

Lead  Sheath 

Outer  Dia.  of 

65  mm 

Finished  Cable 

Weight 

11.2  kg/m 

Table  3  Comparison  of  Cables  containing  more  than  14  cores 


raoie  j  oouipan 

Number  of  Cores 

14 

16 

18 

20 

22 

Arrangement  of  Cores 

4+10 

5+9 

5+11 

6+11 

6+12 

8+12 

8+14 

Electrical  Characteristics 

O 

o 

o 

o 

o 

o 

O 

Stability  of  Arrangement 

0 

A 

o 

A 

0 

A 

O 

Cable  Dia.  (Approximately  -  mm) 

62 

66 

66 

68 

68 

78 

78 

Restriction  from  Manufacturing 

o 

o 

o 

0 

0 

o 

X 

Restricted  by  Conduit 

o 

o 

o 

o 

v  ✓  ^  vr  ~ 

o 

_ _  A 

X 

X 

O  :  Good.  A:  Not  so  good.  X  :  No  good. 


COAXIAL  CORE 


18  CORE  COAXIAL  CABLE 


375  TYPE 
COAXIAL  CORE 


0.9  MM 
(19  GAUGE) 
INTERSTICE  QUAD 


PLASTIC  FILLER 
PAPER  WRAPPING 


LEAD  SHEATH 


FIG.  2 


STRUCTURE  OF  18  CORE  COAXIAL  CABLE 
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Characteristics 

Figure  3  shows  attenuation  constants  of  18 
core  coaxial  cables  below  200  MHz.  The  figure 
includes  the  standard  curve  and  the  measured  data 
on  a  factory  length  and  on  a  1.7  km  (1.06  miles) 
length  installed  at  Utsunomiya  (a  city  north  of 
Tokyo)  described  below.  The  difference  of  atten¬ 
uation  between  both  layers  was  too  small  to  dis¬ 
criminate.  The  difference  of  physical  length  be¬ 
tween  *two  layers  was  measured  by  the  resonance 
frequency  method,  and  it  was  as  small  as  0.06  - 
0.07%. 

For  the  measurement  of  impedance  uniformity 
for  the  C-60  M  system,  a  10  nanosecond  (nS) 
raised-cosine  pulse  echo  tester  which  has  been 
newly  developed  is  used.  Figure  4  shows  echoes  of 
18  core  coaxial  cable  expressed  in  dB,  in  both 
cases  of  10  nS  pulse  and  50  nS  pulse.  The  echoes 
with  10  nS  pulse  were  less  by  about  4  dB  than 
those  with  50  nS  pulse.  Cores  in  the  inner  layer 
are  a  little  less  than  those  in  the  outer  layer. 
This  may  be  caused  by  the  effect  of  intersection 
between  both  layers.  However,  even  the  worst 
values  were  so  good  as  to  be  60  dB  and  65  dB  with 
the  pulses  of  10  nS  and  50  nS,  respectively. 


%  30  1 


STANDARD  ATTENUATION  AT  20 °C 

(X  =  2.36  ff+  0.0024  f  (dB/km) 
(f  :  MHz) 


X  :  MEASURED  ON  FACTORY  LENGTH 
O  :  MEASURED  ON  1.7  KM  LENGTH 


2  3  5  7  10  20  30  50  100  200 


FREQUENCY  (MHz) 

ATTENUATION  CONSTANT 
OF  18  CORE  COAXIAL  CABLE 


VSWR  =1.1 


BOTTOM—**  TOP 


VSWR  =1.1 


FREQUENCY  (MHz) 


FIG.  5 


AN  EXAMPLE  OF  VSWR  OF 


Voltage  Standing  Wave  Ratio  (VSWR)  below  200 
MHz  was  measured,  to  investigate  the  periodic  ir¬ 
regularities.  Figure  5  shows  an  example  of  VSWR 
of  the  18  core  coaxial  cable  which  displays  a 
small  spike  over  100  MHz,  and  a  very  flat  level  as 
low  as  1.01  -  1.02  below  100  MHz.  The  VSWR  spike 
is  considered  to  be  caused  by  the  periodic  deform¬ 
ation  during  cabling  process.  Although  the  fre¬ 
quency  is  well  above  C-60  M  system  band,  the  irre¬ 
gularities  are  being  corrected,  preparing  for  the 
higher  frequency  systems  such  as  C-200  M  or  PCM- 
800  M. 


70  60  50 

ECHO  IN  DECIBELS 


FIG.  4  DISTRIBUTION  OF  THE  WORST  IN¬ 
TERNAL  ECHO  ON  FACTORY  LENGTH 


Crosstalk  characteristics  of  the  18  core  co¬ 
axial  cable  was  as  excellent  as  one  layer  type  co¬ 
axial  cable  containing  less  than  12  cores.  As  the 
375  type  coaxial  core  has  a  small  gap  along  a 
longitudinal  butt  seam  of  copper  tape,  deteriora¬ 
tion  of  crosstalk  at  high  frequency  has  been  anti¬ 
cipated  because  of  the  electro-magnetic  leak  from 
the  seam.  However,  such  a  phenomenon  has  not  been 
observed  by  the  measurement  of  crosstalk  up  to  60 
MHz. 

Other  electrical  characteristics  such  as  high 
voltage  resistance  and  end  impedance,  and  mechani¬ 
cal  characteristics  such  as  bending  test,  instal¬ 
lation  test  and  rewinding  test  were  also  inspected 
This  type  of  cable  was  proved  to  be  excellent. 

Splicing  Method 

For  the  splicing  of  the  375  type  coaxial  core 
in  Japan,  the  "C  type  splicing  method"  has  been 


(1)  COAXIAL  CORE 

(2)  OUTER  CONDUCTOR 

SLEEVE 

(3)  SLEEVE  ROLLER 

(4)  RATCHET  HANDLE 


FIG.  6  SLEEVE  ROLLER 


adopted,  in  which  the  center  conductors  are  crimp¬ 
ed  into  the  center  conductor  sleeve,  the  outer 
conductor  and  steel  tapes  are  compressed  between 
the  steel  bushings  and  the  copper  sleeves  with  a 
sleeve  roller  as  shown  in  Fig.  6.  Figure  7  shows 
the  construction  of  the  C  type  method. 

However,  it  is  thought  that  this  method  is 
not  suitable  for  such  a  multi-core  cable  as  a  18 
core  coaxial  cable,  because  the  usage  of  the 
sleeve  roller  requires  much  skillfulness  and  much 
space  on  both  sides  of  the  spliced  core.  To  solve 
these  problems,  two  methods  have  been  developed: 
one  is  an  "Improved  C  type  method"  and  the  other 
is  an  "M  type  method". 

Improved  C  type  method 

Instead  of  a  sleeve  roller  in  the  convention¬ 
al  C  type  method,  a  press  pinch  has  been  newly  de¬ 
veloped,  to  compress  the  copper  sleeve  efficient¬ 
ly.  In  this  case,  the  splicing  materials  are  the 
same  as  in  the  conventional  C  type  method. 


(a)  STRAIGHT  TYPE 


(1)  OUTER  CONDUCTOR 

(2)  GUMMED  PAPER 

(3)  COLLAR 

(4)  BUSHING 

(5)  OUTER  CONDUCTOR  SLEEVE 

(6)  INNER  CONDUCTOR 

(7)  INNER  CONDUCTOR  SLEEVE 

(8)  INSULATOR 

(9)  INSULATING  PAPER 


*  (A)  UNIFORMLY  COMPRESSED  WITH  A  SLEEVE  ROLLER  (IN  CASE  OF  CONVENTIONAL  METHOD) 
(B)  THREE  PORTIONS  CRIMPED  WITH  A  PRESS  PINCH  (IN  CASE  OF  IMPROVED  METHOD) 


FIG.  7  C  TYPE  SPLICING  METHOD 
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In  order  to  compare  the  operation  efficiency 
when  using  press  pinches,  two  different  types  were 
made  and  tested:  L  type  and  straight  type  as  shown 
in  Fig.  8.  After  some  detailed  experiments,  it 
was  proved  that  the  cores  spliced  with  the  new 
tools  had  mechanically  and  electrically  better 
characteristics  than  those  with  the  conventional 
method.  Furthermore,  the  L  type  was  considered  to 
be  a  little  better  than  the  straight  type,  be¬ 
cause  the  L  type  was  more  convenient  when  the  ef¬ 
fective  space  between  the  core  and  manhole  wall  or 
other  obstacle  was  very  narrow.  This  new  L  type 
tool  has  been  still  further  improved  and  it  is  now 
used  on  commercial  test. 

M  type  method 

The  C  type  method  has  the  following  demerits. 

(1)  It  is  difficult  to  dismount  the  compressed 
sleeves. 


For  the  improvement  of  these  problems,  a  mechanical 
connector  method  that  is  called  "M  type  splicing 
roethod"  has  been  developed  as  shown  in  Fig.  9.  In 
the  case  of  applying  it  to  the  18  core  coaxial 
cables,  the  results  of  the  experiment  are  shown  in 
Table  5.  With  this  method,  the  length  of  the 
splice  becomes  much  shorter  and  two  layer  arrage- 
ment  becomes  possible.  The  outer  diameter  of  the 
splice  portion  becomes  much  smaller  and  the  bend¬ 
ing  radius  becomes  much  larger  in  case  of  the  two 
layer  arrangement. 

Characteristics 

The  test  data  on  the  electrical  character¬ 
istics,  for  example  the  reflection  coefficient, 
and  on  the  mechanical  characteristics,  for  example 
the  tensile  strength  of  the  splicing  portion,  pro¬ 
ved  that  these  new  type  splicing  methods  have  ex¬ 
cellent  properties. 


(2) 


(3) 


The  outer  diameter  of  the  jointing  part 
becomes  very  large,  because  a  wide  space  is 
required  between  adjacent  cores  for  using  a 
sleeve  roller,  and  one  layer  arrangement  of 
the  cores  becomes  necessary. 

It  is  difficult  to  keep  the  bending  radius 
more  than  15  cm,  because  enough  straight 
portion  of  the  core  is  required  for  the  move¬ 
ment  of  the  copper  sleeve  while  mounting  the 
splicing  materials. 


Termination 

Figure  10  shows  a  conventional  method  for  co¬ 
axial  cable  termination  in  the  control  station. 

A  multi-core  coaxial  cable  is  spliced  to  each 
single  core  which  is  terminated  several  meters 
apart.  In  the  case  of  termination  of  so  many  cores 
as  in  the  18  core  coaxial  cable,  the  construction 
becomes  very  complicated  and  troublesome  because 
the  work  must  be  carried  out  on  a  cable  rack. 
Electrical  characteristics  especially  in  high  fre- 


Table  5  Comparison  of  M  Type  &  C  Type  Splicing  Methods 


Items 

M  Type  Method 

C  Type  Method 

Time  Required  for  18  Cores 

5  hr  50  min 

6  hr  10  min 

Outer  Diameter  of 

Core  Arrangement 

Core  Arrangement 

1  Layer 

2  Layers 

1  Layer 

Maximum 

Minimum 

Average 

200  mm 
180 

190 

136  mm 

125 

130 

203  mm 

195 

198 

Length  of  Splicing  Portion 

580 

520 

640  -  800 

Radius  of  Curvature  of  Core 

170  -  370 

290  -  300 

170  -  290 
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quency  such  as  60  MHz  may  also  be  wrong,  as  two 
splicing  points  are  very  closed. 

A  new  termination  method  has  been  developed 
for  the  purpose  of  the  improvement  of  the  follow¬ 
ing  items. 

(1)  To  eliminate  the  splice  between  single  core 
and  main  cable  core. 

(2)  To  simplify  the  splicing  operation  by  means 
of  prefab  Heating  the  splicing  box. 

Several  types  of  splicing  boxes  were  designed  and 
some  of  them  were  manufactured  on  a  trial  basis 
and  tested.  Examples  of  them  are  shown  in  Fig. 
11.  The  rectangular  type  was  designed,  aiming  at 
the  stability  of  structure  and  the  facility  of 
connecting  coaxial  cords  from  a  viewpoint  of  each 
relative  position  of  a  terminal  box  and  repeater 
equipment.  The  connecting  terminals  were  mounted 
on  the  side  faceplate.  Therefore,  this  type  was 
larger  than  the  cylindrical  type.  In  case  of  the 
cylindrical  type,  cores  can  be  smoothly  bent 


(1)  18  CORE  COAXIAL  CABLE 

(2)  MAIN  LEAD  SLEEVE 

(3)  COAXIAL  CORE 

(4)  SPLICE 

(5)  LEAD  SLEEVE  FOR  BRANCH 

(6)  SMALL  LEAD  SLEEVE  FOR  BRANCH 

(7)  SINGLE  COAXIAL  CORE 

(8)  TERMINAL  JOINT 

FIG.  10  CONVENTIONAL  TERMINATION  METHOD 


because  the  terminals  are  mounted  on  the  front  of 
the  box. 

As  a  result  of  the  field  test  of  these  types, 
the  cylindrical  type  was  proved  to  have  excellent 
characteristics.  The  summary  of  a  comparison  of 
the  improved  method  and  the  conventional  method 
is  indicated  in  Table  6.  This  type  of  termina¬ 
tion  method  is  anticipated  to  be  in  commercial  use 
in  the  near  future. 


Table  6  Comparison  of  Two  Types 
of  Termination  Methods 


Items 

Improved 

Method 

Conventional 

Method 

Type 

Prefabricated 

Cylindrical 

Type 

Branched 

with 

Single  Core 

Time  for 

Termination 

9  hrs 

30  hrs 

Echo  with 

50  nS  Pulse 
at  Terminal 

59  dB 

43'  dB 

Necessity 

of  Single 

Core,  Cable 

None 

Required 

VSWR 

Small 

Large 

Kind  of 

Materials 

Few 

Many 

Length  of 

Terminal 

Head- 

450  ‘mm 

930  mm5< 

Weight 

27  kg 

41  kg 

^Length  only  contains  main  &  branch 
lead  sleeves. 


(1)  18  CORE  COAXIAL  CABLE 

(2)  BOLTS  AND  NUTS 

(3)  TERMINATING  BOX 

(4)  COVER 

(3)  TERMINALS  FOR  INTERSTICE  QUADS 

(6)  GAS  VALVE 

(7)  TERMINALS  FOR  COAXIAL  CORES 

(8)  GASKET 


FIG,  11  IMPROVED  TERMINATION  METHODS 
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Stub  Cable 


A  main  cable  and  a  repeater  box  are  connected 
with  a  stub  cable  in  a  manhole.  The  construction 
of  the  conventional  stub  cable  core  has  been  a 
polyethylene  jacketed  (about  0.6  mm  thickness)  375 
type  coaxial  core.  The  allowable  bending  radius 
of  this  type  of  core  and  cable  has  been  limited  to 


15  cm  and  AO  cm,  respectively.  But  it  is  desired 
that  the  allowable  bending  radius  is  kept  as  small 
as  possible,  especially  in  the  case  of  larger  size 
cable. 

3 

Therefore,  a  new  type  of  stub  cable  has  been 
developed,  the  construction  of  which  core  is  2.52 
mm  annealed  copper  center  conductor,  warty  poly- 


POLYETHYLENE  WARTY  POLYETHYLENE  (N0MINAL  0UTER  DIA.  8.6  MM) 

SHEATH  INSULATION 


CORRUGATED  COPPER 


SURFACE 
HARDENED  COPPER 


STRUCTURE  OF 
WARTY  POLYETHYLENE  TAPE 


FIG.  12  8.6  MM  CORRUGATED  COAXIAL  CORE  FOR  STUB  CABLE 


(a)  M  TYPE  SPLICING  METHOD 


(b)  C  TYPE  SPLICING  METHOD 


(Conventional  Type) 


(A)  indicates  splicing  points  between  two  different 

pieces  of  cable  which  are  allocated  at  the  factory. 
FIG.  13  DISTRIBUTION  OF  PULSE  ECHO  (B)  indicates  splicing  points  within  the  same  piece  of 

AFTER  INSTALLATION  cable  which  is  separated  at  the  construction  site. 
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ethylene  insulation,  corrugated  and  welded  copper 
outer  conductor,  and  natural  colored  polyethylene 
jacket,  as  shown  in  Fig.  12.  This  type  of  the  co¬ 
axial  core  is  very  tough  because  the  outer  conduc¬ 
tor  is  welded  and  corrugated.  4,  6  and  8  core  co¬ 
axial  cables  were  manufactured  and  investigated. 
They  are  certified  to  have  very  excellent  charac¬ 
teristics.  This  cable  will  be  useful  for  stub 
cable  in  narrow  manhole  for  the  60  MHz  system. 

Data  Obtained  After  Installation 

About  50  kilometers  of  the  18  core  coaxial 
cable  have  been  constructed,  in  6  sections  for 
commercial  test.  The  authors  selected  a  route 
(Utsunomiya  route)  among  them  and  measured  precise¬ 
ly  the  electrical  characteristics  on  the  cables 
and  the  splice  points  of  the  route.  The  reason 
why  we  selected  the  route  is  that  (1)  M  type  spli¬ 
cing  method  is  introduced  and  (2)  the  length  of 
the  route  is  short  enough  to  measure  all  the  cable 
pieces  conveniently. 

Figure  13  (a)  is  pulse  echo  distribution  pat¬ 
tern  measured  by  using  lOnS  and  50  nS  pulse  on  M 
type  splicing  points.  For  comparison,  pulse  echo 
on  C  type  splicing  points  from  another  route  (Fuku- 
shima-Koriyama  route  north  of  Tokyo) ^  is  indicated 
together  in  Fig.  13  (b).  From  these  measured  valu¬ 
es  the  results  are  the  following. 

(1)  The  distribution  patterns  of  pulse  echo  on 
the  splicing  points  are  almost  the  same  in 
both  cases  of  C  type  and  M  type,  and  the 
standard  variation  is  4.5  -  5.0  dB. 

(2)  The  M  type  is  about  4  dB  in  the  case  of  50 
nS  and  about  6  dB  in  the  case  of  10  nS 
better  than  the  conventional  C  type  in  aver¬ 
age. 

The  internal  pulse  echo  within  cable  pieces  did 
not  deteriorate  from  the  factory  lengths. 

In  the  other  measured  data  on  electrical  pro¬ 
perties  such  as  VSWR,  crosstalk,  attenuation,  high 
voltage  resistance,  and  so  on,  no  problem  was 
found. 

Conclusion 

It  was  proved  that  the  18  core  coaxial  cable 
and  associated  accessories  mentioned  above  have 
enough  electrical  and  mechanical  properties  for 
the  C-60M  system.  The  construction  will  begin  in 
1972  for  a  commercial  test  of  the  C-60M  system  us¬ 
ing  the  18  core  coaxial  cable  between  Tokyo  and 
Osaka  in  expectation  of  mass  communication  media 
for  the  area  between  Tokyo  and  Osaka.  The  long 
term  reliability  and  practical  system  performance 
will  be  carefully  investigated  throughout  the  com¬ 
mercial  test. 
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FUSED  DISC  COAXIAL  FOR  BROAD  BAND  TRANSMISSION 
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Union,  N.  J. 


Introduction 

With  increasing  exploitation  of  the  bandwidth 
up  to  300  MHz,  high  electrical  uniformity  is 
probably  the  most  important  prerequisite  for  broad 
band  transmission  lines.  This  uniformity  applies 
to  impedance  and  attenuation  within  cable  lengths 
and  from  reel  to  reel  of  cable.  The  requirements 
become  even  more  stringent  as  the  bandwidth  is  in¬ 
creased.  Since  shorter  wave  lengths  are  involved 
at  higher  frequencies,  any  mechanical  irregulari¬ 
ties  in  the  cable  will  have  a  significant  effect 
on  transmission  properties.  It  was  the  objective, 
therefore,  to  design  a  cable  which  has  a  higher 
level  of  mechanical  uniformity  to  achieve  a  better 
electrical  performance.  Such  a  cable  is  described 
in  this  paper. 

The  cable  incorporates  the  excellent  elec¬ 
trical  features  of  the  air  dielectric  cables  and 
the  structural  characteristics  of  the  foam  poly¬ 
ethylene-  aluminum  sheathed  cables  (Figure  1). 
Adhesive  copolymer  discs  are  fused  to  the  inner 
and  outer  conductors  to  provide  individual ,  closed 
compartments  which  are  sealed  against  moisture. 

The  discs  are  spaced  to  provide  proper  mechanical 
support  for  the  aluminum  outer  conductor. 

An  immediate  application  of  this  cable  is 
seen  for  the  "Cable  TV"  industry.  Comparisons 
with  presently  used  foam  polyethylene- aluminum 
sheathed  coaxials  are  presented  and  trial  in¬ 
stallations  and  field  experiences  are  reviewed. 

Extension  of  the  application  of  this  coaxial 
into  the  field  of  long  haul  multi-tube  cables  is 
also  considered  and  to  this  end  the  crosstalk  and 
the  effects  of  assembling  the  tubes  into  a  multi¬ 
tube  configuration  on  SRL ,  impedance  and  echo  are 
examined . 

Theoretical  and  Practical 
Design  Considerations 


Present-day  cable  making  technology  allows 
for  good  control  of  the  dimensions  and  resis¬ 
tivities  of  metal  conductors.  However,  the  state 
of  the  art1 »  2  of  extruder  technology,  coupled 
with  the  additional  problems  of  chemically  blown 
foam  dielectrics  makes  a  high  degree  of  uniformity 
almost  impossible  to  achieve.  It  was  therefore 
concluded  that  the  application  of  a  dielectric 
had  to  be  accomplished  by  a  more  precise  process. 
Precision  molding  of  a  solid  plastic  material  at 
regular  intervals  was  chosen  and  low  attenuation 
realized  by  inclusion  of  air  spaces  between  discs. 

As  previously  stated,  the  initial  design  of 
this  cable  was  intended  for  application  in  the 
cable  TV  industry  and  the  following  list  of 
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factors,  not  in  any  particular  order,  were  con¬ 
siderations  in  the  development. 

1.  High  uniformity. 

2.  The  same  outside  diameter  as  standard  foam- 
aluminum  sheathed  cables. 

3 .  Low  cost . 

4.  Characteristic  impedance  of  75  ohms. 

5.  Low  attenuation. 

6.  Satisfactory  handling  and  mechanical 
sturdiness . 

7.  Imperviousness  to  moisture. 

8.  No  longitudinal  water  path  if  mechanical  fault 
occurs . 

9.  Elimination  of  the  need  to  pressurize. 

10.  Compatibility  with  existing  amplifiers  and 
other  h ardw are . 

11.  Low  resistance  path  for  amplifier  powering. 

12.  Light  weight. 

13.  Minimum  radiation. 

Compromises  were  necessary  as  in  any  design. 
This  was  especially  true  for  the  mechanical  and 
the  electrical  objectives.  For  example, 
mechanical  properties  improve  as  disc  spacing  is 
reduced.  However,  for  a  fixed  outside  diameter 
and  75  ohm  impedance,  reduction  of  disc  spacing 
necessitates  a  smaller  inner  conductor  diameter 
which  increases  attenuation.  Attenuation  would  be 
further  increased  as  a  result  of  higher  dielectric 
losses  caused  by  the  frequent  spacing  of  the  discs 
which  in  turn  produces  a  steeper  attenuation  slope 
A  corrugated  outer  conductor  would  enhance  the 
flexibility,  however  it  would  not  only  present  a 
moisture  path  along  the  cable  and  at  connector 
locations,  but,  even  more  significantly,  would  in¬ 
crease  the  difficulty  of  maintaining  the  desired 
control  of  the  outer  conductor  dimensions. 

Considering  the  fundamental  electrical  objec¬ 
tive  of  low  attenuation,  S.  A.  Schelkunoff3  has 
shown  that  for  any  coaxial  outer  conductor  at  any 
given  frequency  there  is  a  wall  thickness  which 
will  yield  a  minimum  resistance.  This  optimum 
thickness  is  obtained  when  the  real  and  imaginary 
parts  of  the  diffusion  constant  are  equal  to-7r/2. 
As  the  outer  conductor  is  made  thicker  than  opti¬ 
mum,  the  resistance  actually  increases.  This 
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results  in  a  penalty  of  a  few  percent. 

From  Equation  1  it  is  apparent  that  an  outer 
conductor  of  aluminum  ( p  =  2.828  microhm-cm)  has 
an  optimum  thickness  at  5  MHz  of  2.3  mils  while  at 
300  MHz  it  is  only  0.30  mils.  It  is  clear  that  it 
is  impossible  to  satisfy  optimum  outer  conductor 
thickness  requirements  in  a  broadband  system, 
especially  if  the  band  covers  several  frequency 
decades.  Also,  the  above  thicknesses  would  be  in¬ 
adequate  from  a  mechanical  standpoint  and  there 
are  other  considerations  favoring  a  greater  thick¬ 
ness  of  the  outer  conductor  wall  such  as  control 
of  dimensions  for  electrical  uniformity,  noise 
pickup  and  radiation. 

The  high  frequency  attenuation  relationship4 
in  terms  of  dimensions  and  physical  characteris¬ 
tics  of  the  materials  is  given  in  Equation  2  while 
Equation  3  gives  the  condition  for  minimum  atten¬ 
uation.  It  can  be  seen  that  attenuation  is  a 
function  of  the  diameter  ratio  (D/d)  as  well  as 
the  resistivities  of  the  conductors.  If  the  con¬ 
ductors  are  non-magnet ic ,  such  as  copper  or  alumi¬ 
num,  thenfj.  d  and  ^  are  equal  to  1.0,  and  if  both 
center  and  outer  conductor  are  of  the  same  metal 
the  optimum  diameter  ratio  is  3.59.  For  the 
selected  combination  of  an  aluminum  outer  conduc¬ 
tor  (pD  =  2.828/jQ-cm)  and  a  copper  center  conduc¬ 
tor  =  1 . 724  p  <2-cm)  the  optimum  diameter  ratio 

is  3.81. 

Figure  2  shows  the  relationship  for  non¬ 
magnetic  materials  between  P  £)// d  anc*  D/d  f°r  m4ni“ 
mum  (X  q  and  Figure  3  is  the  relationship  between 
D/d  and  the  percent  increase  in  a  q  f^om  optimum 
for  an  aluminum-copper  construction  (pp/p^  =  1.64). 
It  can  be  seen  that  the  attenuation  does  not 
change  very  rapidly  in  the  vicinity  of  optimum 
and  therefore  some  latitude  in  selection  of  the 
D/d  ratio  is  possible. 

Fixing  the  D/d  ratio  to  3.81  and  the  charac¬ 
teristic  impedance  to  75  ohms  and  substituting 
into  Equation  4,  the  resulting  dielectric  constant 
is  1,03.  The  dielectric  constant  of  a  disc  insu¬ 
lated  coaxial  cable,  assuming  that  the  discs  do 
not  distort  the  electric  field  in  their’ vicinity , 
can  be  determined  from  Equation  5.  It  follows, 
therefore,  that  for  a  dielectric  constant  (C)  of 
1.03,  and  cm  of  2,26  for  the  polyethylene  discs, 
and  a  disc  spacing  (S)  of  1.0  inch,  the  disc 
thickness  must  be  0.027  inch.  This  thickness  is 
obviously  inadequate  for  center  conductor  support. 
Again,  a  practical  design  was  based  on  mechanical 
considerations  and  the  final  design  for  the  ini¬ 
tial  cable  size  was  adopted  as  having  an  outer 
diameter  of  0.412  inch  and  an  inside  diameter  of 
0.362  inch,  which  were  taken  from  the  standard 
cable  TV  type.  The  disc  thickness  selected  was 
0,065  inch  with  a  nominal  spacing  of  0.75  inch. 
These  parameters  were  based  on  comprehensive 
testing  which  indicated  that  they  represented  a 
good  compromise  between  mechanical  and  electrical 
considerations.  This  construction  results  in  a 
dielectric  constant  of  1.11  which,  substituted 
into  Equation  4,  results  in  a  D/d  ratio  of  3.73 
and  an  inner  conductor  diameter  of  0.097  inch. 


As  previously  indicated,  a  moisture  tight 
cable  structure  is  accomplished  by  the  use  of  ad¬ 
hesive  polyethylene  discs  (ethylene-acrylate  co¬ 
polymer).  The  high  frequency  dissipation  factor 
of  the  dielectric  material  (tan  ft  m)  was  derived 
from  attenuation  measurements  on  the  above  de¬ 
scribed  coaxial  cable  and  the  method  described  in 
reference  5.  The  experimental  data  are  given  in 
Figure  4.  Since  tan  ft  m  is  fairly  stable  over  the 
frequency  range  and  averages  approximately  0.00164, 
the  dissipation  factor  of  the  cable  (tanft),  de¬ 
termined  from  Equation  6,  is  0.00028  which  is 
equivalent  to  that  of  well  made  and  dried  standard 
foam  polyethylene  insulated  CATV  cables.  This 
means  that  no  change  in  equalizer  networks  is 
necessary . 

The  moisture  seal  between  the  center  conduc¬ 
tor  and  the  discs  is  accomplished  during  the  mold¬ 
ing  operation.  The  sealing  between  the  discs  and 
the  aluminum  outer  conductor  is  accomplished  by 
die  sinking  the  tube  to  a  compression  fit  over  the 
discs  and  then  flash  heating  it  at  400°F. 

A  comparison  of  the  maximum  attenuation 
characteristics  of  the  Fused  Disc  coaxial  cable 
and  the  present  standard  foam  insulated  types  are 
given  in  Figure  5.  Curve  A  is  the  attenuation  of 
the  .412"  Fused  Disc  coaxial  with  a  copper  or  cop¬ 
per  clad  aluminum  center  conductor;  Curve  B,  the 
.412"  foam  polyethylene  cable  and  Curve  C,  the 
serrated  seam  .375"  disc  coaxial.  Also  for  com¬ 
parison,  Curve  Ai  is  the  attenuation  of  a  Fused 
Disc  coaxial  with  100%  aluminum  center  conductor. 

It  can  be  seen  that  the  attenuation  of  the  Fused 
Disc  with  the  copper  or  copper  clad  center  conduc¬ 
tor  is  20%  lower  than  the  attenuation  of  the 
foamed  cable  of  the  same  diameter  and  has  the  same 
slope.  The  comparison  with  the  .500"  foam  insula¬ 
ted  coaxial  is  given  in  Table  I  and  shows  the 
attenuation  of  .412”  Fused  Disc  equivalent  to  the 
.500"  foam  cable. 

It  is  apparent  that  the  outer  conductor  has 
to  be  a  homogeneous  tube  free  from  holes  to  keep 
radiation  to  a  minimum.  But  in  general,  it  is  the 
surface  transfer  impedance^  (  )  of  the  outer 

conductor  that  must  be  as  low  as  possible  across 
the  entire  frequency  range  of  interest.  From 
Reference  3  it  can  be  seen  that  is  a  function 

of  attenuation  ('.*  ) ,  thickness,  permeability  and 
resistivity,  as  shown  in  Equation  7.  It  is  evi¬ 
dent  that  in  the  frequency  range  of  interest 
(10  to  300  MHz)  and  a  fixed  outer  conductor  wall 
thickness,  Z ap  is  reduced  if  the  properties  of  the 
outer  conductor  material  provide  a  low  K  value  in 
Equation  7. 

Table  II  gives  shield  attenuation  data  for 
three  of  the  most  common  outer  conductor  materials. 
Using  the  figure  in  Table  II,  K  was  determined  for 
a  shield  1  mil  thick.  These  values  at  different 
frequencies  of  interest  are  given  in  Table  III. 

It  can  be  seen  from  this  table  that  the  steel  has 
a  distinct  shielding  advantage  at  higher  frequen¬ 
cies  but  at  lower  frequencies  heavier  wall  thick¬ 
nesses  of  steel  relative  to  copper  or  aluminum 
would  be  necessary  for  equivalency.  A  combination 
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of  metals  will  improve  the  shielding  because  of 
the  added  attenuation  and  reflections  at  metal 
interfaces.  It  was  decided  to  use  the  standard 
25-mil  wall  of  aluminum  presently  employed  in  the 
industry  for  the  outer  conductor  since  it  is  a 
good  compromise  between  shielding  efficiency  and 
other  essential  properties  for  the  cable  TV  fre¬ 
quency  range. 

The  final  consideration  in  the  design  of  the 
Fused  Disc  cable  was  its  corona  and  dielectric 
strength  properties.  Corona  on  the  inner  or  outer 
conductor  is  objectionable  because  it  generates 
high  frequency  noise  which  is  superimposed  on  the 
transmitted  signals,  greatly  reducing  the  signal 
to  noise  ratio.  Using  the  well  known  expression® 
for  potential  gradient  in  a  "perfect"  coaxial 
structure,  it  can  readily  be  seen  in  Equation  9 
that  the  gradient  which  will  cause  partial  or  com¬ 
plete  discharge  is  also  a  function  of  the  D/d 
ratio.  Since  the  maximum  gradient  is  at  the  sur¬ 
face  of  the  inner  conductor,  taking  the  derivative 
of  gr  with  respect  to  r  in  Equation  10  and  setting 
it  to  zero  provides  an  optimum  D/d  ratio  of  2.72. 

This  optimum  D/d  ratio  is  substantially 
different  from  that  required  for  optimum  attenua¬ 
tion.  However,  from  Figure  7,  it  can  be  seen  that 
the  discharge  potential  does  not  vary  abruptly  in 
the  vicinity  of  the  optimum  ratio  of  2.72  and 
that  the  .412"  Fused  Disc  coaxial  with  a  D/d  ratio 
of  3.73  suffers  only  about  a  4%  penalty.  Figure 
7  is  based  on  the  assumption  that  the  maximum 
gradient  (  g r)  for  air  at  atmospheric  pressure  is 
31  kV  dc  per  centimeter. 

Theoretically  this  cable  should  have  a 
dielectric  strength  of  5  kV,  however  due  to  minor 
imperfections  in  the  form  of  slivers,  oxide  in¬ 
clusions,  etc.  on  the  center  conductor  this  is  not 
achieved  in  practice. 

Electrical  Performance 

The  theory  and  design  were  verified  experi¬ 
mentally  by  laboratory  tests  on  randomly  selected 
samples  of  .412"  Fused  Disc  jacketed  and  un¬ 
jacketed  cables  and  routine  production  tests  on 
limited  production  runs  totalling  about  40  reels 
of  cable,  each  containing  about  2000  feet.  These 
cables  were  made  from  the  same  lot  of  each  materi¬ 
al.  The  aluminum  outer  conductor  was  constructed 
from  tube  formed  by  both  seam  welding  and  seam¬ 
less  extrusion. 

As  was  expected,  the  striking  characteris¬ 
tics  of  the  Fused  Disc  cable  is  its  superb  elec¬ 
trical  uniformity  within  cable  lengths  as  well  as 
from  one  cable  length  to  another.  This  is  due  to 
the  dimensional  precision  of  both  conductors  and 
the  precision  molding  of  the  insulating  discs. 

The  terminal  impedance  determined  from  the 
SRL  tests  across  the  frequency  band  10  to  300  MHz 
for  all  cables  produced  to  date  has  a  standard 
deviation  ((f)  of  0.18  ohm.  The  standard  devia¬ 
tion  of  jacketed  and  unjacketed  cables  taken 
separately  is  substantially  less,  only  0.11  ohm 


for  each  group.  The  comparatively  high  magnitude 
of  the  combined  figure  is  the  result  of  a  lower 
average  impedance  for  the  jacketed  cables,  i.e. 
74.85  ohms  average  for  jacketed  cables  as  compared 
to  75.05  ohms  average  for  unjacketed  cables.  The 
decrease  in  impedance  was  due  to  the  partial  flat¬ 
tening  of  the  cable  caused  by  the  tensions  of  re¬ 
reeling  during  the  jacketing  operation  as  well  as 
by  the  heat  of  extrusion  of  the  jacket. 

In  general,  the  terminal  impedance  of  the 
inside  end  of  the  cable  on  the  reel  was  found  to 
be  0.10  ohm  lower  than  that  of  the  outside  cable 
end.  This  is  normal  and  is  a  function  of  the  reel 
drum  size  and  the  axial  cable  tension  at  take-up. 
This  difference  diminishes,  however,  on  unwinding, 
indicating  that  the  compressive  forces  on  the 
reeled  cable  can  be  kept  sufficiently  low  so  that 
the  elastic  limit  of  the  outer  conductor  is  not 
exceeded . 

The  important  attenuation  characteristics 
were  determined  by  the  insertion  loss  method  in  a 
75  ohm  system  at  220  MHz  on  all  cables  produced. 
Attenuation  across  the  frequency  band  from  10  kHz 
to  300  MHz  was  measured  on  a  typical  cable  and 
data  is  presented  in  Figure  8.  The  measured 
values  of  attenuation  at  220  MHz,  normalized  to 
68°F,  shows  a  maximum  spread  of  1%.  This  is  small 
when  one  considers  the  uncertainty  of  the  cable 
temperature  during  measurement,  possible  length 
errors  and  the  accuracy  of  the  production  test 
equipment .  Figure  9  provides  the  percent  change 
in  attenuation  per  degree  fahrenheit  versus  fre¬ 
quency  for  the  Fused  Disc  coaxial. 

Analysis  of  the  SRL  levels  measured  from  10 
to  300  MHz  on  approximately  40  reels  of  cable  were 
found  to  be  as  follows: 

Unjacketed  Cables  Jacketed  Cables 

Average,  dB  40.0  40.1 

Worst,  dB  36.5  36.0 

Best,  dB  44  approx.  44  approx. 

To  preserve  the  high  SRL  uniformity  of  40  dB, 
care  in  the  handling  of  reels  is  required.  Care¬ 
less  handling,  or  external  damage,  can  lower  the 
SRL  levels  substantially  as  shown  above  by  the 
36  dB  figures.  This,  of  course,  holds  true  for 
cables  of  any  design. 

High  frequency  velocity  of  propagation  was 
measured  in  the  laboratory  and  was  found  to  be 
95%.  The  capacitance  of  the  Fused  Disc  coaxial 
was  14.25  picofarads  per  foot. 

The  d.c.  resistance  of  the  solid  copper 
center  conductor  of  Fused  Disc  cables  is  1.10 
ohms  per  1000  feet  at  68°F.  This  is  approximately 
64%  lower  than  the  d.c.  resistance  of  the  .412" 
foam- aluminum  coaxial  and  equivalent  to  the  0.500" 
foam-aluminum  coaxial.  The  loop  resistance  is 
1.54  ohms  per  1000  feet  which  is  approximately  7% 
higher  than  that  of  the  0.500"  foam-aluminum  cable. 

The  d.c.  voltage  breakdown  of  the  Fused  Disc 


36 


cable  averaged  4  kV.  It  is  of  interest  to  note 
that  the  average  voltage  breakdown  and  standard 
deviation  figures  for  both  jacketed  and  unjacketed 
cables  were  identical.  This  implies  that  addi¬ 
tional  slivers  (elemental  metal  filaments  of  con¬ 
ductors)  are  not  produced  by  the  re-reeling 
necessitated  by  the  jacketing  operation.  Refer¬ 
ring  to  Equation  12  in  the  Appendix,  the  kp  factor 
was  reduced  from  an  ideal  value  of  1.0  to  0.8. 
Since  cables  used  for  cable  TV  operate  at  poten¬ 
tials  below  100  volts,  the  4  kV  dc  breakdown 
strength  of  the  Fused  Disc  coaxial  design  provides 
an  adequate  safety  factor. 

Insulation  resistance  (IR)  measured  on  all 
cables  at  room  temperature  with  a  dc  potential  of 
100  V,  after  an  electrification  period  of  1  minute 
using  production  type  test  equipment  averaged  5000 
megohm-miles.  These  values  were  substantiated  in 
the  Laboratory  on  selected  reel  lengths  using  ex¬ 
tremely  stable  power  supplies  and  noise  filters, 
however  with  longer  electrification  periods,  the 
values  of  IR  were  considerably  higher.  Increasing 
the  test  potential  yielded  the  same  results  until 
partial  discharge  level  (corona)  was  reached,  at 
which  time,  the  IR  values  dropped  sharply  and 
became  erratic  or  fluctuated  with  time. 

Physical  Performance 

Sealing  against  moisture  was  achieved  by 
fusing  disc  insulators  to  both  the  inner  and  outer 
conductors  thereby  forming  hermetically  sealed 
compartments.  The  seal  was  checked  on  every 
length  of  cable  manufactured  by  taking  a  6  inch 
sample  from  the  inside  and  outside  end  on  each 
reel  and  subjecting  them  to  25  psi  of  air  pressure 
for  15  minutes  applied  at  one  end  of  the  sample. 
The  opposite  end  of  the  sample  was  immersed  in 
water  and  checked  for  air  bubbles,  which,  if 
present,  would  constitute  a  seal  failure.  Not 
one  sample  has  failed  this  test. 

In  the  Laboratory,  samples  of  .412”  Fused 
Disc  cable,  12  inches  in  length,  were  tested  .for 
moisture  or  water  ingress  using  a  time  domain  re- 
flectometer  (TDR)  test  set.  The  open-circuited 
end  of  the  cable  sample  was  immersed  in  water  and 
the  impedance  monitored  with  time.  As  indicated 
in  Figure  10,  the  TDR  impedance  trvce  did  not 
change  after  3  weeks  of  testing  at  which  time  the 
test  was  discontinued.  The  downward  swing  at  the 
end  of  the  trace  due  to  water  bridging  the  cable 
conductors  did  not  shift  towards  the  TDR  input 
end,  indicating  that  the  water  did  not  penetrate 
past  the  first  disc.  Also,  lack  of  noticeable 
change  in  the  slope  of  the  impedance  trace  in¬ 
dicated  no  discernible  moisture  permeation  across 
discs. 

Pull-out  test  results  given  in  Table  IV  show 
a  high  degree  of  adhesion  between  the  discs  and 
the  inner  and  the  outer  conductors.  These  tests 
were  performed  on  a  number  of  cable  samples  which 
were  manufactured  at  different  times.  There  were 
little,  if  any,  differences  in  results  from  cable 
to  cable.  Experimental  cables  produced  show  no 
change  in  the  degree  of  adhesion  after  a  period 


of  18  months.  Thus,  the  adhesion  to  the  copper 
center  conductor  per  disc  averages  about  20  lbs 
while  that  to  the  aluminum  outer  conductor  about 
6  times  as  great.  Since  the  ratio  of  the  circum¬ 
ference  is  ,362  7r/.097  tt  =  3.7,  higher  adhesion  to 
the  outer  conductor  is  due  to  the  greater  affinity 
of  the  polyethylene  copolymer  to  aluminum  than  to 
copper. 

This  consistency  of  disc  adhesion  within 
cable  lengths  and  from  cable  to  cable  is  attri¬ 
buted  to  the  precision  molding  of  the  discs  and 
the  uniformity  of  the  outer  conductor  dimension. 

In  the  foam-aluminum  coaxials,  the  variation  in 
pull-out  strength  is  due  to  the  variation  in  the 
insulation  diameter  from  run  to  run  and  conse¬ 
quently  a  varying  degree  of  squeeze  by  the  alumi¬ 
num  sheath.  If  the  degree  of  squeeze  was  held 
constant  by  varying  the  aluminum  sheath  outside 
diameter,  the  spread  of  characteristic  impedance 
and  attenuation  from  one  run  to  another  would  in¬ 
crease.  It  is  partially  for  the  above  reason  that 
a  +  2  ohm  impedance  tolerance  is  required  for 
foam-aluminum  cables. 

The  compression  and  impact  studies  shown  in 
Figures  11  and  12,  respectively,  indicate  that 
some  improvement  is  obtained  with  the  jacketed 
construction.  It  can  also  be  seen  that  the  higher 
the  SRL  uniformity  of  the  cable,  whether  Fused 
Disc  or  foam  type,  the  more  susceptible  it  is  to 
dB  degradation  for  a  given  damage,  although  of 
course  the  reflected  voltage  from  the  damage  re¬ 
mains  the  same.  Figures  11  and  12  show  clearly 
that  there  is  little  difference  between  the  Fused 
Disc  and  the  foam  type  cables  as  far  as  resistance 
to  external  damage  is  concerned  for  40  dB  SRL 
cables.  On  lower  SRL  cables,  the  physical  de¬ 
formation  resulting  from  impact  and  compressive 
forces  does  not  readily  appear  as  an  electrical 
fault  since  this  fault  is  masked  by  the  higher  re¬ 
flection  voltage  levels  superimposed  thereon. 

After  substantial  damage,  the  foam  core,  however, 
provides  greater  resistance  to  further  abuse. 

Laboratory  studies  of  cable  bending  around 
mandrels  are  presented  in  Figure  13  and  show  re¬ 
sults  similar  to  those  for  impact  and  compression. 
The  minimum  mandrel  bending  diameter  for  the  .412" 
Fused  Disc  cable  was  found  to  be  about  6  inches  as 
compared  to  2.5  inches  for  the  .412”  foam  cable 
before  catastrophic  failure  occurs.  Although  the 
foam  cable  can  be  bent  safely  around  a  smaller  di¬ 
ameter,  the  normal  standard  diameters  employed 
(10  inches)  in  the  industry  have  no  appreciable 
effect  on  either  cable.  The  tests  were  conducted 
with  light  axial  tension  on  the  cable.  If  this 
tension  is  increased,  the  cables  can  be  bent 
around  somewhat  smaller  mandrels. 

If  the  minimum  bend  diameters  are  exceeded, 
the  outer  aluminum  conductor  of  the  cables  will 
jackknife  causing  faults.  In  the  Fused  Disc  this 
often  leads  to  shorts  between  conductors  and  a 
100%  reflection. 

It  was  found  that  physical  change  in  the 
cable  structure  caused  by  bending  is  first 
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observed  electrically.  Bent  sections  of  cable 
flatten  during  bending  and  appear  as  electrical 
faults.  The  minimum  bending  diameter  required  to 
observe  physical  damage  is  smaller  than  the  mini¬ 
mum  electrical  bending  diameter.  That  is,  the 
smaller  the  bending  diameter,  the  greater  the 
flattening.  This  is  more  apparent  on  high  SRL 
quality  cables. 

The  study  of  the  life  of  expansion  loops  is 
presented  in  Figure  14  wherein  the  details  of  the 
expansion  loop  are  also  shown.  It  can  be  seen 
that  for  an  excursion  of  2"  or  less  the  Fused  Disc 
cable  loop  has  a  longer  life  than  its  foam- 
aluminum  counterpart.  If  excursions  greater  than 
2"  are  allowed,  both  cables  will  have  short  life¬ 
times  with  the  foam  cable  somewhat  better.  This 
behavior  is  due  to  what  can  be  termed  "precorru¬ 
gating,  "  i.e.  a  slightly  higher  outside  cable  di¬ 
ameter  over  discs  than  between  discs.  When  defor¬ 
mation  (bending)  is  moderate,  "precorrugation" 
facilitates  an  even  distribution  of  the  stresses. 
If  the  excursion  level  is  increased,  this  mech¬ 
anism  ceases  to  work  and  the  stress  is  concen¬ 
trated  at  the  weakest  point. 

The  weight  of  .412  Fused  Disc  jacketed 
cable  is  roughly  35%  less  than  its  .500"  foam 
electrical  counterpart  which  has  significant  im¬ 
plications  on  handling. 

Field  Evaluation 

The  foregoing  data  indicated  that  the  Fused 
Disc  cable  was  of  a  sound  design.  However, 
laboratory  testing  cannot  simulate  actual  field 
conditions  and  the  next  stage  of  investigation  was 
to  arrange  for  field  installations. 

The  first  installation  was  made  in  Orange, 
Texas,  located  on  the  Gulf  coast  and  the  Lousiana- 
Texas  border.  The  cable  employed  an  0.097"  solid 
copper  clad  aluminum  center  conductor.  A  35-mil 
wall  of  black  high  molecular  weight  polyethylene 
was  extruded  over  the  aluminum  sheath  because  of 
the  salt  air  atmosphere. 

SRL,  echo  and  impedance  were  tested  at  the 
plant,  on  site  prior  to  installation  and  after  in¬ 
stallation.  The  cable  was  installed  by  an  inde¬ 
pendent  contractor  whose  experience  was  entirely 
with  foam-aluminum  cable.  The  installation  was 
made  with  no  splices  between  amplifier  sections. 
Where  there  were  parallel  runs,  distribution 
cables  were  installed  together  with  the  Fused  Disc 
coaxial  and  in  one  instance  as  many  as  three  dis¬ 
tribution  cables  were  installed. 

The  cables  were  installed  aerially  from  a 
stationary  reel  trailer  by  pulling  from  one  am¬ 
plifier  location  up  through  rollers  at  each  pole 
and  one  or  two  rollers  per  span,  depending  on  the 
length,  to  the  next  amplifier  location  and  then 
back  lashing  to  the  reel  trailer  location.  Ex¬ 
pansion  loops  were  made  at  each  pole  using  a  make¬ 
shift  forming  tool  made  from  half  of  a  10  inch 
aluminum  pulley. 


Measurements  were  made  at  ground  level  by 
either  connecting  the  bridge  to  the  cable  when  the 
cable  was  cut  at  ground  level  or  by  using  long 
leads  between  the  SRL  test  set  and  the  bridge. 

The  leads  consisted  of  50  feet  of  RG-59  which  up¬ 
set  the  attenuation  calibration  of  the  SRL  test 
set.  The  reference  branch  remained  unchanged  and 
relatively  flat,  but  the  unknown  branch,  contain¬ 
ing  the  SRL  bridge  with  its  cable  terminals  short¬ 
ed  (or  open-circuited)  for  calibration  purposes 
exhibited  a  characteristic  downward  slope  corre¬ 
sponding  to  the  attenuation  losses  of  the  leads 
over  the  frequency  range  (Figure  15) .  This  im¬ 
posed  some  difficulties  in  the  evaluation  of  the 
cable  SRL,  however  this  problem  was  alleviated  by 
inserting  the  same  length  of  RG-59  in  the  refer¬ 
ence  branch.  SRL  was  determined  by  matching  the 
bridge  and  the  end  termination  to  the  cable  using 
walkie  talkies  for  communication. 

There  were  several  places  where  the  cable  was 
subjected  to  90°  bends  and  in  one  location  the 
cable  was  pulled  through  a  double  90°  bend  in  a  Z 
configuration,  however  no  degradation  occurred  as 
a  result  of  the  installation.  Figure  16  shows 
typical  SRL  test  results.  Figure  17  is  an  example 
of  the  SRL  pattern  caused  by  a  fault  when  the 
cable  was  physically  damaged.  The  cable  inter¬ 
faced  with  the  amplifiers,  splitters  and  power 
supplies  using  standard  open  front  end  .412"  con¬ 
nectors.  Drip  loops  were  made  in  the  cable  ends 
which  mated  to  the  hardware.  It  was  noted  that 
the  connectors  were  applied  to  the  cable  very 
quickly  since  with  a  cut  around  the  aluminum 
sheath  using  a  tube  cutter,  the  aluminum  and  one 
disc  can  be  removed  without  the  necessity  of 
cleaning  the  center  conductor  as  required  with  the 
foam-aluminum  cables. 

The  system  was  turned  on  and  the  TV  picture 
at  the  end  of  the  trunk  run  was  observed  and 
judged  to  be  equal  to  that  at  the  head  end.  Eight 
months  after  installation  and  after  being  sub¬ 
jected  to  high  winds  and  heavy  rains,  the  system 
continued  to  provide  excellent  service. 

The  second  installation  was  made  in  Jefferson 
City,  Missouri.  At  this  location,  jacketed  .412" 
Fused  Disc  was  used  as  the  trunk  cable  and  un¬ 
jacketed  .412"  Fused  Disc  as  the  distribution 
(feeder)  cable.  For  this  installation,  the  cen¬ 
ter  conductor  was  solid  copper.  The  first  in¬ 
stallation  indicated  that  jacketed  cable  used  for 
the  trunk  can  be  installed  without  difficulty. 

The  purpose  of  this  installation  was  to  learn 
whether  unjacketed  Fused  Disc  cable  can  be  in¬ 
stalled  and  whether  it  can  be  used  for  distribu¬ 
tion  where  it  would  be  subjected  to  the  many  drip 
loops  required  with  directional  tap-offs  every  few 
hundred  feet.  The  same  testing  program  as  in  the 
first  installation  was  followed  here.  The  cables 
were  tested  at  the  site  and  tested  again  after  in¬ 
stallation.  This  cable  plant  was  also  an  aerial 
installation  installed  by  another  independent  con¬ 
tractor.  The  cable  was  installed  employing  the 
standard  industry  practices  used  for  the  foam- 
aluminum  cables.  The  tap-offs  were  installed  by 
Jefferson  City  TV  personnel. 
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Summarizing  the  comments  of  the  contractors, 
field  personnel  and  the  cable  TV  operator,  it  can 
be  said  that  using  standard  methods  this  new  prod¬ 
uct  installs  with  no  more  difficulty  than  present¬ 
ly  used  foam  polyethylene- aluminum  sheathed  cables 
except  the  comment  was  made  that  the  expansion 
loop  should  be  made  more  carefully.  This,  however, 
is  of  no  concern  provided  a  properly  designed 
bending  tool  is  used.  The  installation  was  com¬ 
pleted  without  degradation  of  the  excellent  elec¬ 
trical  characteristics  of  the  cable. 

Multi-Tube  Cable 
Construction  Evaluation 

The  cabling  of  coaxial  tubes  into  a  compos¬ 
ite  cable  has  its  own  particular  set  of  problems. 
Therefore,  in  order  to  study  these  problems,  two 
cables,  each  1000  fee.t  in  length,  were  manufac¬ 
tured.  These  cables  consisted  of  four  .412"  Fused 
Disc  tubes  cabled  with  crushed  polyethylene  tape 
fillers  in  the  interstices.  The  direction  of  the 
cabling  was  right  hand,  but,  since  the  tubes  have 
no  helical  components  to  tighten  or  loosen,  either 
direction  could  have  been  employed.  The  rigidity 
of  the  tubes  and  torsional  twist  considerations 
dictated  the  use  of  a  floating  carriage  (plane¬ 
tary)  type  cabling  machine.  The  torsional  twist, 
determined  by  Equation  13a,  and  based  on  a  mean 
diameter  of  ,58  inch  and  a  cabling  lay  of  42 
inches,  is  only  0.1513°  per  inch,  or  6.36°  per 
cabling  lay. 

The  fundamental  SRL  spike  which  is  attribut¬ 
able  to  the  cabling  lay  occurred  at  135  MHz  for 
all  four  tubes.  Its  second  harmonic  was  of  con¬ 
siderably  lower  amplitude.  The  SRL  level  of  the 
cabling  spikes,  measured  from  both  ends  for  each 
tube,  averaged  29.8  dB  with  the  maximum  25.0  dB 
and  the  minimum  33.7  dB;  an  example  is  shown  in 
Figure  18.  The  outside  cable  end  measured  an  av¬ 
erage  of  3.5  dB  better  than  the  inside  end.  The 
overall  SRL  level  in  the  10  to  300  MHz  frequency 
band  was  degraded  by  cabling  to  35.5  dB,  worst 
case . 

All  the  Fused  Disc  tubes  were  checked  for 
pulse  echo  response  using  a  60  nanosecond  at  half 
amplitude  sine-square  pulse.  The  average  echo  of 
the  40  lengths  produced  was  69.5  dB  down  from  the 
incident  pulse  and  the  worst  65  dB .  After  cabling, 
the  worst  echo  of  the  four  tubes  was  degraded  to 
60  dB .  Pulse  echo  measurements  were  also  con¬ 
ducted  with  narrower  pulses  which  had  frequency 
spectrums  up  to  60  MHz.  The  echo  levels  were  sub¬ 
stantially  the  same  but  the  resolution  improved. 

The  crosstalk  coupling  loss  between  the  ad¬ 
jacent  and  the  diametrically  opposite  .412"  Fused 
Disc  cabled  tubes  was  measured  between  10  kHz  and 
25  MHz  and  are  given  in  Figure  19. 

Conclusions 

A  new  coaxial  cable,  herein  referred  to  as 
Fused  Disc  by  the  nature  of  its  construction,  was 
developed  and  data  presented,  demonstrating  that 
it  meets  the  criteria  established,  as  follows; 


1.  Excellent  electrical  uniformity. 

a.  Maximum  variation  in  attenuation  from 
cable  to  cable  of  1%. 

b.  Characteristic  impedance  tolerance  of 
+  0.5  ohm . 

c.  Worst  SRL  level  of  36  dB  individual  cable 
and  40  dB  average  of  all  cables  tested. 

d.  Worst  echo  values  of  65  dB  down  measured 
at  the  point  of  reflection. 

2.  Low  attenuation. 

The  attenuation  of  the  .412"  Fused  Disc  cable 
is  equal  to  .500"  and  20%  lower  than  the  .412" 
standard  foam  polyethylene-aluminum  sheathed 
coaxials  used  in  cable  TV  systems. 

3.  Compatibility  with  existing  hardware. 

The  attenuation  slope  is  the  same  as  the  foam- 
aluminum  cables  permitting  the  same  equalizers 
to  be  used.  Standard  .412"  connectors  pres¬ 
ently  used  in  the  cable  TV  industry  are 
available . 

4.  Satisfactory  mechanical  sturdiness. 

Two  installations  have  been  made  with  success. 

5.  Imperviousness  to  moisture. 

Laboratory  tests  and  the  weathering  of  in¬ 
stalled  cables  prove  the  hermetic  seal  of  in¬ 
dividual  compartments. 
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Table  I 


Attenuation  versus  Frequency 


Frequency 

Maximum 

Attenuation  (dB/100  ft) 

(MHz) 

0.500"  Foam 

Aluminum  0.412"  Fused  Disc 

55  (Channel 

2) 

0.66 

0.64 

83  (Channel 

6) 

0.81 

0.805 

100 

0.90 

0.89 

175  (Channel 

7) 

1.22 

1.22 

211  (Channel 

13) 

1.35 

1.36 

250 

1.50 

1.48 

300 

1.65 

1.63 

Table 

II 

Attenuation 

(ctg)  in  Shielding 

Materials  versus 

Frequency 

Frequency 

(nepers/mil) 

(MHz) 

Copper 

Aluminum 

Iron 

£  =  i.  . 

;  1^724  jiiffiUcm 

P-  2^8^[b--cm 

100 

=  10.6,/iO-cm 

0.001 

0.01216 

0,00949 

0.04902 

0.01 

0.03845 

0.03001 

0.15501 

0.1 

0.1216 

0.0949 

0.4902 

1.0 

0.3845 

0.3001 

1.550 

10.0 

1.216 

0.949 

4.902 

100.0 

3.845 

3.001 

15.50 

300.0 

6.660 

5.198 

26.85 
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Table  III 


Factor  K  of 


Frequency 

(MHz) 

Copper 

Aluminum 

Iron 

0.001 

1.297 

1.666 

31.0 

0.01 

1.263 

1.632 

27.88 

0.1 

1.163 

1.529 

19.94 

1.0 

0.894 

1.246 

6.910 

10.0 

0.389 

0.651 

0.242 

100.0 

0.0281 

0.0836 

0.00001 

300.0 

0.00168 

0,0093 

— 

Table 

IV 

.412" 

Fused  Disc  Pull 

Out  Test, 

pounds 

Original 

70°C  Aging 

3  Days 

7  Days 

11  Days 

Center  conductor  from  cable 
sample  containing  3  discs 

Average 

66.7 

12.2 

14.3 

28.4 

Minimum 

54 

6.8 

12.1 

9.8 

Maximum 

82 

17.1 

15.8 

37 

Disc  from  Aluminum 

Outer  Conductor 

Average 

120.8 

129.5 

125,8 

125.7 

Minimum 

94 

128 

121 

117 

Maximum 

133 

131 

134 

131 
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FIGURE  1 

FUSED  DISC  CONSTRUCTION 
(Not  to  Scale) 


FIGURE  2 


ATTENUATION  a,  dB/1000  FT. 


ATTENUATION,  dB/1000  ft  at  68°F 
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FIGURE  10 

WATER  AND  MOU 
.412"  FUSED  DISC 

'|  CONDUCTORS 
j  AT  CABLE 
\  SAMPLE  END 
* 

1 

5TURE  INGRESS  STUDY  ON  1 

:  COAXIAL  WITH  AID  OF  TDR  j 

(TDR  trace,  original  &  after  3  weeks  of  cable  end 
immersion  in  water,  i.e.,  no  change) 


COMPRESSION  FORCE,  LBS/6  IN.  OF  CABLE 
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EXCURSION,  IN. 


ALL  FAILURES  - 
FUSED  DISC  COAX. 


_ — j _ 40  PER  MINUTE  CYCLING  RATE 

N . . •  4  I -14- |-r  i  ;  4--7t-~i  -H-  I- 

20  30  50  70  100  200  300  ;  YEARS  TO  FAILURE 


100,000  CYCLES  TO  FAILURE 
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FIGURE  15 

FIELD  TESTING  PROBLEM  DUE  TO  NECESSITY  TO  USE  LONG  LEADS 
(50  FT.  LONG  RG-59)  FROM  SRL  TEST  SET  TO  BRIDGE 
Shown  is  Measuring  Circuit  Attenuation  Calibration 
Note:  Slope  caused  by  attenuation  of  leads. 


FIGURE  16 

10-300  MHz  SRL  OF  .412"  FUSED  DISC  COAXIAL. 

A  =  BEFORE  INSTALLATION.  B  =  AFTER  INSTALLATION.  LENGTH  1068  FT. 


FIGURE  17 

10-300  MHz  SRL  OF  .412"  FUSED  DISC  COAXIAL 
WITH  FAULT.  REFERENCE  LEVEL  20  dB. 


FIGURE  18 


10-300  MHz  SRL  OF  .412"  FUSED  DISC  COAXIAL 

IN  4-TUBE  COMPOSITE  CABLE 

NOTE:  SRL  spike  and  its  harmonic  due  to  cabling  lay. 
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FREQUENCY,  MHz 


APPENDIX 


The  optimum  thickness  of  the  outer  conductor  for  minimum  resistance  is  given  by  the  following 
relationship: 

-3'2 

The  high  frequency  attenuation  relationship  in  terms  of  dimensions  and  physical  characteristics  of 
materials  is: 


at=  aC  +  aG 


at  "  [d  +  p]  +27.7/  y 

• _ _  n  " 


e  tan  <5 


31 .5  'og 


Since  Oq  is  independent  of  dimensions,  the  derivative  of  with  respect  to  d  becomes 


ft  =  31.5(0.4343  In  D/d)  -  * 


(  rjA  a  31.5(0.4343) 

\  *  /  d2 _  D/d _ 

[(31.5)  (0.4343  In  D/d))2 


Setting 


*t  =0  gives  the  condition  for  minimum  attenuation 


In  D/d  -  1 


fP D  P  D 
^d 


The  characteristic  impedance  at  high  frequencies  can  be  expressed  as: 


Z  =  138  06  lo9.o^ 


The  dielectric  constant  of  a  non  homogeneous  medium  can  be  determined  from  the  following: 


e  +  e  W 

6  ea  s  e,TI  S 


and  the  dissipation  factor  from: 


tan  6  =  ^  ™  tan  6m 

S  e 


It  is  convenient  to  express  the  surface  transfer  impedance  Z  ^  as  a  function  of  K 


Za0  =  ?{K) 


K  p  e  as  t 
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and 


(8) 


a  =  0.505 


The  expression  for  potential  gradient  in  a  perfect  coaxial  structure  is: 


xln  R/r 


and  the  maximum  gradient  at  the  surface  of  the  center  conductor  is: 


gr  =  _e__ 

rln  R/r 

Taking  the  derivative  of  gr  with  respect  to  r 


d$r  =  "E[r^  r  ?r ln  R/r] 

dr  rln  R/r 


and  setting 


=  0 
dr 


In  R/r  =  1 


R  D 

Y  -  -g-  =  e  =2.718,  a  condition  for  optimum  diameter  ratio  from  the 
point  of  view  of  discharge. 

The  discharge  potential  expressed  in  practical  terms  is: 


E  =  31  kp  rln  R/r 


In  the  above  equation,  the  maximum  gradient  was  assumed  to  be  31  kV-dc  per  centimeter  for 
air  at  atmospheric  pressure. 


The  torsional  twist  per  cabling  lay  can  be  determined 
from  the  following  relationship: 


T  =  360  -  4  tan 


for  a  floating  carriage  (planetary)  cabler 


and  - 1 

T  =  4  tan 


for  a  fixed  carriage  (rigid-frame)  cabler 
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A  NEW  COAXIAL  CARLE  FOR  PCM  SYSTEMS 
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SUMMARY 

Taking  advantage  of  less  stringent 
crosstalk  requirements  needed  for  PCM 
transmission  a  new  so  called  "digital” 
coaxial  pair  was  designed  without  the  usual 
steel  tapes  protection. 

The  new  technology  makes  it  possible 
to  manufacture  in  the  same  operation  at 
least  4  coaxial  pairs  and  to  strand  them 
in  order  to  form  a  4  pair  unit  similar 
to  a  star-quad  construction. 

Results  obtained  on  an  experimental 
link  are  presented  and  discussed. 

INTRODUCTION 

A  few  years  ago,  an  extensive  study 
program  was  undertaken  by  the  French 
P.T.T.  Administration  in  order  to  investi¬ 
gate  economical  and  technical  aspects  of 
various  PCM  transmission  systems  over  ba¬ 
lanced  and  coaxial  cables. 

Among  the  numerous  possible  solutions 
a  high  speed  106  megabits  per  second  1440 
channel  PCM  system  was  taken  into  conside¬ 
ration  . 

As  far  as  the  transmission  characte¬ 
ristics  of  the  line  are  concerned,  the 


tentative  figures  were  as  follows  : 

-  Spacing  between  regenerative 

repeaters  .  1.5  km 

-  Corresponding  cable  attenuation 

at  100  MHz  .  80  dB 

-  Near-end  crosstalk  . .>  40  dB 

-  Error  rate  per  regenerative 

repeater  .  10-1° 


The  standardized  1.2/4. 4  mm  balloon 
insulated  coaxial  pair  extensively  used 
in  French  Telecommunication  network  for 
1260  channel  (and  in  the  near*  future  for 
2700  channel)  system  has  approximately 
the  required  high  frequency  attenuation 


and  therefore  it  was  decided  to  keep  the 
same  dimensions  and  the  same  insulation 
as  for  the  normal  1.2/4. 4  mm  small 
coaxial  tube. 

But  in  some  respects,  the  standardi¬ 
zed  small  coaxial  tube  presents  a  very 
high  level  of  performances  which  is  not 
needed  for  PCM  transmission. 

Such  is  the  case  for  crosstalk  cha¬ 
racteristics  :  the  C.C.I.T.T.  (*)  recom¬ 
mended  value  is  95  dB  for  far-end  cross¬ 
talk  signal-to-noise  ratio  through  the 
transmission  band  starting  at  60  kHz  for 
3  km  repeater  sections.  This  high  figure 
is  met  by  using  a  rather  thick  outer  con¬ 
ductor  (0.15  mm  in  France  and  0.18  mm  in 
some  other  countries)  and  two  steel  tapes 
providing  the  electromagnetic  shielding. 
In  practice  the  steel  tapes  are  either 
0.10  mm  thick  plain  steel  tapes  or 
0.09  mm  thick  copper  plated  steel  tapes, 
the  latter  being  the  solution  adopted  in 
France . 

It  soon  became  apparent  that  the 
less  stringent  crosstalk  requirements  of 
PCM  systems  may  lead  to  a  simpler  and 
more  economical  design  of  the  coaxial 
tube,  namely  reducing  the  thickness  of 
the  outer  conductor  and  merely  removing 
the  steel  tapes  which  are  normally  wound 
on  the  tube  in  helicoidal  fashion. 

But  apart  from  their  shielding  ef¬ 
fect  the  steel  tapes  hold  the  outer  cop¬ 
per  conductor  in  place  and  contribute  to 
the  mechanical  stability  of  the  coaxial 
pair . 

In  order  to  ensure  satisfactory  me¬ 
chanical  characteristics  of  the  coaxial 
tube, even  non  covered  with  steel  tapes,  a 
new  technology  was  developed. 


(*)  C.C.I.T.T.  :  The  International  Tele¬ 
graph  and  Telephone  Consultative  Commit¬ 
tee  . 
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It  has  been  found  that  if  the  coaxial 
pairs  with  overlapping  outer  conductor 
are  assembled  with  a  suitable  twist,  a 
bundle  of  coaxial  pairs  is  obtained,  af¬ 
ter  stranding,  where  the  outer  conductors 
are  kept  in  place  by  the  mutual  pressure 
between  the  stranded  pairs.  The  "unit”, 
when  comprising  at  least  4  coaxial  tubes, 
exhibits  sufficient  mechanical  strength 
to  withstand  the  usual  subsequent  opera¬ 
tions  such  as  assembling  several  units 
into  a  larger  size  cable,  lead  covering, 
aluminum  or  steel  welded  sheathing,  etc., 
without  the  coaxial  pairs  suffering  any 
cracking  or  opening. 

We  shall  now  describe  the  specifica¬ 
tion  of  such  a  "digital"  coaxial  pair  as 
well  as  the  different  steps  in  the  manu¬ 
facturing  process. 

The  comparison  of  construction  bet¬ 
ween  the  1.2/4. 4  mm  C.C.I.T.T.  coaxial 
pair  and  the  1.2/4. 4  mm  digital  coaxial 
pair  is  shown  in  fig.  1. 


Fig.  1 -  Comparison  between  the  1. 2/4,4  mm 
C.C.I.T.T.  coaxial  pair  {a)  and  the 
1, 2/4,4  mm  digital  coaxial  pair  (b) 
configuration , 

SPECIFICATION 

-  Inner  conductor 

Copper  wire  1.18  mm  ±  5  y 

-  Insulation 

"Balloon"  type  insulation  (ref.  1) 
Weight  :  4.5  g/m 
Permittivity  :  1.18 
Diameter  over  insulation  :  4.4  mm 


-  Outer  conductor  :  copper  tape  0.10  mm 
thick  ±  6  y 

As  already  noted,  there  are  no  steel 
tapes  or  bindings  over  the  individual 
coaxial  tube. 

MANUFACTURING  PROCESS 
INSULATION 

-  The  inner  conductor  is  insulated 
in  a  prior  operation  on  a  balloon  extru¬ 
sion  line  which  has  been  frequently  des¬ 
cribed  in  the  technical  litterature 
(ref.  2,  3) . 

TAPING  AND  UNIT  STRANDING  MACHINE 

-  Four  coaxial  pairs  are  produced 
simultaneously  and  stranded  together  in 
line  in  order  to  form  a  4  pair  unit  simi¬ 
lar  to  a  star  quad  construction  (ref.  4). 

Fig.  2  is  a  photograph  of  the  proto¬ 
type  machine  used  for  production  of  such 
a  4  pair  unit  and  a  close-up  view  of  the 
forming  head  is  shown  in  fig.  3. 


Fig.  2 -  Simultaneous  taping  and  unit 
stranding  machine  for  the  manufacture  of 
a  four  digital  coaxial  1,2/4, 4  mm  pair 
unit , 

a  -  Rotating  cage , 

b  -  Pay-off  reels  for  the  insulated  in¬ 
ner  conductors . 
c  -  Copper  tape  supply  pads, 
d  -  Forming  heads  for  the  outer  conduc¬ 
tors  , 

e  -  Fillers  supply  reels. 
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Fig.  3-  Close-up  view  of  the  forming 
head . 

The  main  part  of  the  machine  is  the 
rotating  cage  of  a  conventional  laying- 
up  machine  with  four  pay-off  reels  supply¬ 
ing  the  insulated  inner  conductor. 

Four  copper  tape  supply  reels  are 
mounted  on  the  cage  plate  as  well  as  the 
four  forming  heads.  The  copper  strips  are 
fed  from  the  supply  reels  through  progres¬ 
sive  shaping  dies  and  form  around  the 
central  insulated  wire  the  outer  conduc¬ 
tor  of  the  coaxial  pair.  The  spaces  in 
the  center  of,  and  between  the  coaxial 
pairs  are  occupied  by  intersticial  colou¬ 
red  polyethylene  fillers  in  order  to  ob¬ 
tain  a  better  geometry  of  the  unit  and 
to  allow  the  identification  of  the  coa¬ 
xial  pairs.  The  four  coaxial  tubes  are 
stranded  without  detorsion  and  the  resul¬ 
ting  twist  applies  very  tightly  the  ou¬ 
ter  conductor  over  the  insulated  wire  and 
provides  an  accurate  control  of  the  dia¬ 
meter  . 

As  for  the  central  insulated  wires, 
it  is  preferable,  on  the  contrary,  to 
let  the  supply  reels  rotate  in  a  planeta¬ 
ry  way  in  order  to  feed  the  central  insu¬ 
lated  conductor  with  complete  detorsion. 


At  this  stage  of  manufacturing,  the 
unit  exhibits  a  good  mechanical  stability 
and  further  steps  can  be  undertaken  wi¬ 
thout  damaging  the  coaxial  pairs . 

STRANDING 

In  order  to  form  a  large  size  cable, 
a  certain  number  of  primary  units  are 
stranded  together.  We  have  already  manu¬ 
factured,  using  a  planetary  strander,  28, 
24  and  16  coaxial  pair  cables  (correspon¬ 
ding  to  7,  6  and  4  primary  units)  but  the 
production  of  still  larger  cables  has  also 
been  considered. 

Code-coloured  polyethylene  tubular 
fillers  occupy  the  free  spaces  between 
units,  permitting  the  identification  of 
the  units  and  contributing  to  the  geome¬ 
trical  stability  of  the  cable. 

SHEATHING 

Different  kinds  of  outer  protection 
were  equally  successeful  : 

-  lead  sheath  with  or  without  plas¬ 
tic  jacket 

-  aluminum  welded  and  corrugated 
sheath  with  polyethylene  jacket 

-  steel  welded  and  corrugated  sheath 
with  polyethylene  jacket  (experimental 
lengths  only) . 

CROSSTALK  CHARACTERISTICS  AND 
THEIR  IMPROVEMENT 

Coming  back  to  the  problem  of  cross¬ 
talk  which  was  briefly  mentioned  above, 
in  our  unit  type  cable  construction  two 
aspects  have  to  be  considered  : 

-  crosstalk  within  the  unit  between  adja¬ 
cent  or  opposite  coaxial  pairs 

-  crosstalk  between  pairs  which  belong  to 
different  units  (i.  e.  "crosstalk  bet¬ 
ween  units") . 

The  near-end  crosstalk  attenuation 
(NEXT)  versus  frequency  for  28  coaxial 
pair  (7  units)  cable  is  shown  in  fig.  4. 


The  unit,  comprising  4  coaxial  tubes 
and  5  fillers,  is  pulled  by  a  capstan 
through  a  stranding  die  and,  after  being 
covered  with  two  binding  plastic  tapes, 
is  received  on  a  conventional  take-up 
stand . 
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v  120 


Fig.  4-  Near-end  crosstalk  attenuation 
(Envelope  of  minimum  values) 

28  coaxial  pair  (7  units)  cable 


Length  =  500 '  m 

o -  All  combinations  within  the  unit 

A — All  combinations  between  units . 


The  far-end  crosstalk  signal-to- 
noise  ratio  (FEXT)  versus  frequency  for 
the  same  type  of  cable  is  shown  in  fig.  5. 


Fig.  k5-  Far-end  crosstalk  signal-to-noise 
ratio  (Envelope  of  minimum  values) 

28  coaxial  pair  (7  units)  cable 
Length  =  500  m 

o - -  All  combinations  within  the  unit 

A - All  combinations  between  units. 

For  comparison,  the  NEXT  in  our  cur¬ 
rently  produced  cables  containing  several 
1.2/4. 4  mm  coaxial  C.C.I.T.T.  type  pairs, 
is  better  than  126  dB  (minimum  values  at 
60  kHz  measured  on  460  m  factory  lengths) 

On  the  other  hand,  the  NEXT  is  much 
more  critical  than  the  FEXT  and  we  can 
take  advantage  of  the  unit  type  construc¬ 
tion  by  specializing  all  four  coaxial  tu¬ 


bes  of  any  given  unit  for  transmission 
in  the  same  direction.  Therefore,  the  si¬ 
gnificant  crosstalk  within  the  unit  is 
the  FEXT  ;  the  NEXT  is  to  be  taken  into 
consideration  only  between  different  units. 

If  necessary,  the  latter  can  be  ea¬ 
sily  improved  by  wrapping  around  the  unit 
a  metallic  tape  acting  as  a  shield.  A 
very  effective  result  was  obtained  with 
a  copper  plated  steel  tape  0.05  mm  thick. 

Fig.  6  concerns  the  NEXT  for  16 
coaxial  pair  cable  (2  units  without  steel 
tapes  +  2  units  with  steel  tapes)  and 
shows  the  improvement  of  the  crosstalk 
level  due  to  the  shield  around  the  unit. 


Fig.  6-  Near-end  crosstalk  attenuation 
(Envelope  of  minimum  values) 

28  coaxial  pair  cable  (2  units  with  steel 
tapes  +  2  units  without  steel  tapes) 
Length  =  250  m 


© 


o _ All  combinations  within 

without  steel  tapes 


the 


A - All  combinations  within  the 

with  steel  tapes 


unit 

unit 


©x — 


All  combinations  between 
without  steel  tapes 


units 


(4)0 - All  combinations  between  units 

with  steel  tapes . 


Further,  and  assuming  that  a  higher 
crosstalk  quality  level  within  the  unit 
is  needed  in  some  particular  cases,  this 
aim  can  be  achieved  by  using,  for  the 
return  conductor,  a  composite  tape  such 
as  copper/steel/copper  instead  of  a  plain 
copper  tape. 
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FIELD  TRIALS  OF  DIGITAL  COAXIAL  PAIRS 


In  order  to  assess  the  mechanical 
behaviour  of  this  new  type  of  coaxial  ca¬ 
ble  during  manufacturing,  laying  and  spli¬ 
cing  as  well  as  the  electrical  properties 
from  the  point  of  view  of  PCM  transmis¬ 
sion  characterist ics ,  a  digital  coaxial 
pair  link  was  installed  in  SAT  Experimen¬ 
tal  Cable  Center  in  Lannion  (Brittany) . 
Lannion  is  the  home  of  very  important 
CNET  (*)  Research  Laboratories  and  is 
situated  near  Pleumeur  Bodou,  the  French 
Space  Communication  Ground  Station. 

The  layout  of  the  line  is  shown  in 
Fig.  7. 


Fig .  7 -  Layout  of  the  line  in  SAT  Experi¬ 

mental  Cable  Center  in  Lannion . 


The  line  length  is  1.5  km  consisting 
of  six  cable  sections,  each  250  m  long 
and  made  according  to  the  following  de¬ 
sign  : 

-one  twenty  four  coaxial  pair  cable  (3 
units  with  and  3  units  without  steel  ta¬ 
pes)  (see  photograph  fig.  8). 

-two  twenty  four  coaxial  pair  cables (6 
units  without  steel  tapes) . 

-one  sixteen  coaxial  pair  cable  (2  units 
with  and  2  units  without  steel  tapes) . 

-two  sixteen  coaxial  pair  cables  (4  units 
without  steel  tapes) . 


n  CNET  :  Centre  National  d' Etudes  des 
Telecommunications . 


Fig .  8-  Twenty  four  coaxial  pair  cable 
with  aluminum  sheath  and  polyethylene 
jacket . 

The  total  length  of  coaxial  pairs  is 
therefore  30  km.  The  spacing  between  re¬ 
generative  repeaters  being  1.5  km,  the 
transmission  loop  represents  20  sections 
in  one  direction  or  10  sections  in  the 
case  of  two-directional  transmission. 

Geographically,  there  are  3  repeater 
points,  two  of  them  are  located  at  the 
Cable  Transmission  Laboratory  and  the 
third  in  a  specially  built  underground 
chamber.  Each  repeater  case,  made  of 
brass,  can  house  24  regenerative  repea¬ 
ters  . 

The  arrangement  described  above  pro¬ 
ved  to  be  quite  versatile  and  enabled  us 
to  carry  out  numerous  tests.  For  instance 
we  studied  the  shielding  effect  of  addi¬ 
tional  steel  tapes  according  to  the  posi¬ 
tion  of  the  shielded  units  in  the  regene¬ 
rative  section.  More  generally  we  have 
collected  valuable  data  on  the  intrinsic 
cable  parameters. 

The  main  objective  in  designing 
this  experimental  30  km  long  coaxial  line 
was  the  field  testing  of  a  106  megabits 
per  second  PCM  system.  In  addition,  some 
other  investigations  were  undertaken  ; 
we  shall  mention  in  particular  a  digital 
color  TV  signal  transmission. 
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106  MEGABITS  PER  SECOND  PCM  SYSTEM . 

Starting  with  a  group  of  30  channels 
(modulation  speed  2.048  megabits  per  se¬ 
cond),  we  built  up  the  1440  channel  system 
in  the  following  steps  : 

30  channels  x  3  =  90  channels 

90  channels  x  4  =  360  channels 

360  channels  x  4  =  1440  channels 

We  shall  see  later  that  this  capacity 
is  also  suitable  for  one  channel  color  TV 
digital  transmission. 

The  signal  transmitted  over  the  line 
is  generated  by  the  terminal  equipment  si¬ 
mulating  pseudo-random  messages  with  a 
modulation  speed  of  106  megabits  per  se¬ 
cond  (9.4  ns  interval  between  two  consecu¬ 
tive  pulses) . 

At  the  receiving  end  of  the  30  km 
link,  an  error  detector  device  with  auto¬ 
matic  recorder  and  counter  indicates  the 
number  of  faults  occuring  during  the  trans¬ 
mission  :  either  absence  of  a  significant 
information  pulse  or,  on  the  contrary, 
fortuitous  appearance  of  an  irrelevant  pul¬ 
se. 

After  two  years  of  operation,  the 
rate  of  errors  is  better  than  10-10  per 
regenerative  repeater. 

Assuming  a  link  of  1500  km  total 
length  consisting  of  1000  regenerative 
repeaters,  the  estimated  rate  of  errors 
would  be  better  than  10”7,  which  is  per¬ 
fectly  acceptable. 

Two  other  essential  parts  of  the 
system  were  also  tested  : 


-  the  power  feeding  of  the  regenerative 
repeaters  (12  volts  DC  300  mA)  proved  to 
be  highly  reliable  ;  the  equipment  is  si¬ 
milar  to  the  one  widely  used  in  the  French 
coaxial  cable  network. 

-  the  remote  identification  of  a  faulty 
regenerative  repeater  is  performed  from 
the  terminal  stations,  using  an  original 
stel-by-step  method  ;  its  effectiveness 
was  confirmed  by  creating  artificially 
different  kinds  of  faults  and  checking 
the  location  of  the  regenerative  repeater 
involved . 

It  is  important  to  point  out  that 
all  these  auxiliary  functions  (remote  con¬ 
trol,  power  feeding,  fault  signalling  ...) 
do  not  require  special  additional  circuits 
in  the  cable  but  instead  make  use  of  the 
digital  coaxial  tube  itself. 

CODED  COLOUR  TV  SIGNAL  TRANSMISSION 

A  modulation  speed  of  106  megabits 
per  second  is  theoretically  sufficient  * 
for  a  good  quality  transmission  of  a  co¬ 
lor  TV  signal  with  625  line  resolution.  The 
purpose  of  the  experimentation  carried  out 
in  our  Lannion  Cable  Center  under  CNET 
supervision  was  to  demonstrate  this  pos¬ 
sibility  and  to  study  the  influence  of 
the  rate  of  error  on  the  quality  of  the 
received  image  (ref.  5) . 

The  method  of  encoding  is  a  version 
of  differential  modulation  called  "£A" 
(sigma-delta)  system  (ref.  6  and  7).  The 
"IA"  encoder  delivers  a  stream  of  pulses 
modulated  in  density  proportionally  to 
the  instant  amplitude  of  the  video  si¬ 
gnal.  The  output  binary  signal  passes 
through  a  transcoder  and  becomes  a  trina- 
ry  coded  signal  which  is  transmitted  over 
the  line.  At  the  receiving  end  are  located 
the  corresponding  decoders  which  finally 
restore  the  video  signal.  The  block  dia¬ 
gram  is  shown  in  fig.  9. 


Fig,  9-  Block  diagram  of  the  experimental  link  for  TV  transmission. 
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One  of  the  built-in  features  of  the 
installation  was  that  it  enabled  us  to 
degrade  voluntarily  the  characteristics 
of  the  line  by  injecting  a  certain  amount 
of  noise  correlated  with  the  video  signal 
in  order  to  increase  the  rate  of  errors. 

It  was  experimentally  confirmed  that 
the  theoretical  figure  of  10“6  is  absolu¬ 
tely  negligible  compared  with  the  quanti¬ 
zing  noise  of  the  "EA"  system.  Even  a 
10-5  error  rate  does  not  permit  to  dis¬ 
tinguish  between  the  transmitted  picture 
and  the  original  picture.  It  seems  that 
a  10“4  error  rate  causes  a  slight  dete¬ 
rioration  of  the  picture  but  a  10~3  figu¬ 
re  is  certainly  not  tolerable. 

CONCLUSION 

The  Lannion  experimental  line  was 
rather  oriented  towards  testing  of  the 
"digital"  coaxial  pair  as  a  transmission 
medium  for  high  speed  PCM  systems  ;  the 
associated  regenerative  repeater  was  de¬ 
signed  in  view  to  equip  a  sufficient 
length  of  coaxial  pair  for  a  valid  expe¬ 
rimentation,  and  this  purpose  was  achie¬ 
ved  to  our  complete  satisfaction. 

The  technology  available  at  the  time 
(early  1969)  for  line  equipment  is  now 
superseded  by  latest  developments  in  the 
field  of  integrated  circuits,  and  the 
equipment  involved  in  the  most  recent 
projects  of  the  French  Administration 
takes  full  advantage  of  this  technical 
progress . 

Priority  is  now  given  to  a  50  mega¬ 
bits  per  second  720  channel  system  with 
regenerative  repeater  spacing  of  2  km, 
which  is  compatible  with  the  C.C.I.T.T. 
recommended  12  MHz  analog  system.  A  com¬ 
mercial  link-  is  planned  for  1  973  bet¬ 
ween  Paris  and  Meaux  (about  50  km)  . 

As  a  next  step,  there  is  also  under 
consideration  the  possibility  to  employ 
a  multilevel  encoding  method  instead  of 
a  ternary  code,  therefore  extending  the 
speed  up  to  100  megabits  per  second  or 
more,  at  least  doubling  the  channel  ca¬ 
pacity  and  keeping  the  same  2  km  regene¬ 
rator  spacing. 

May  we  add  that  a  25  megabits  per 
second  360  channel  PCM  system  already 
developed  for  microwave  transmission,  can 
easily  be  adapted  to  transmission  over 
the  digital  coaxial  pair.  The  regenerati¬ 
ve  repeater  spacing  would  be  in  this  case 
3  km,  and  therefore  compatible  with  the 
analog  C.C.I.T.T.  recommended  6  MHz  sys¬ 
tem. 
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BROAD-BAND  LEAKY  COAXIAL  CABLE  WITH  SMALL  SIZE  COAXIAL  CABLES  IN  IT'S  INNER  CONDUCTOR 
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ABSTRUCT 

The  leaky  coaxial  cables  are  effective 
transmission  media  not  only  to  a  place  where  the 
radio  waves  are  unable  to  penetrate,  but  also  to 
a  place  where  communication  services  are  needed 
along  the  lines  such  as  railroad  for  high  speed 
train  and  highway. 

The  leaky  coaxial  cable  which  is  able  to 
integrate  the  vehicular  communications  and  the 
point-to-point  communications  along  the  railroad 
is  developing  in  Japan.  In  this  paper,  the  per¬ 
formances  of  the  such  integrated  leaky  coaxial 
cable  are  described. 

1.  INTRODUCTION 

Recently,  leaky  coaxial  cables  (LCX)  are 
planning  to  install  in  order  to  get  stable  vehic¬ 
ular  communications  in  place  where  the  radio 
waves  are  unable  to  penetrate. (l)  These  lines 
will  be  effective  transmission  media  in  place 
where  communication  services  are  needed  along  the 
lines  such  as  railroad  and  highway.  In  order  to 
realize  the  linear  communication  system, (2)  men¬ 
tioned  above,  using  the  LCX,  the  cable  with  wide¬ 
band  transmission  and  radiation  performances,  and 
the  another  cables  for  the  point-to-point  commu¬ 
nications  are  needed  simultaneously .  Then,  by  a 
newly  developed  broad-band  LCX  with  the  small 
size  coaxial  cables  in  it’s  inner  conductor,  as 
shown  in  Pig.  1,  the  linear  communications  inte¬ 
grating  the  vehicular  and  point-to-point  communi¬ 
cations  may  be  made  possible.  Japanese  National 
Railways  Co.  is  developing  such  communication 
systems  for  High-Speed  Train. 

This  integrated  LCX  has  many  technical  prob¬ 
lems  to  be  developed,  for  examples,  wide-band 
technique  to  get  uniformity  of  the  leaked  waves 
along  the  LCX  over  the  frequency  range  from  150 
MHz  band  to  400  MHz  band,  connecting  system  to 
separate  the  inner  cables  from  the  integrated 
LCX,  installation  method  not  to  degrade  the  char¬ 
acteristics  of  the  LCX  even  in  trough  installa¬ 
tion  on  the  earth's  surface,  and  various  kinds  of 
electromagnetic  interference  which  are  transform¬ 
ed  into  noise  in  the  cables.  Except  the  inter¬ 
ference  on  the  communication  cables  the  other 
technical  problems  have  never  been  investigated 
because  these  problems  have  not  been  needed  in 
the  past. 


The  purpose  of  this  paper  is  to  present  a 
possibility  of  the  LCX  which  is  able  to  inte¬ 
grate  the  vehicular  communications  and  the  point- 
to-point  communications. 

2.  DESCRIPTION  OP  THE  CABLE 

The  LCX  described  here  is  mainly  provided 
400  MHz  band  vehicular  communications.  Therefor, 
the  size  of  the  coaxial  cable  may  be  larger  than 
usual  coaxial  cables  and  there  is  space  where 
another  cables  for  the  point-to-point  communica¬ 
tions  are  able  to  be  fabricated  in  the  inner  con¬ 
ductor  of  LCX.  The  LCX  with  another  cables  in 
it’s  inner  conductor  may  be  called  the  integrated 
LCX  because  it  makes  possible  to  integrate  the 
vehicular  and  point-to-point  communications.  The 
cost  of  the  integrated  LCX  may  be  lower  than 
total  cost  of  the  LCX  and  the  another  cables  for 
the  point-to-point  communications.  A  physical 
structure  and  a  photograph  of  a  kind  of  the  inte¬ 
grated  LCX  are  shown  in  Pig.  1.  This  integrated 
LCX  has  two  small  size  coaxial  cables  and  a  quad 
cable  with  shield  layer  in  LCX’s  inner  conductor. 

In  order  to  provide  various  kinds  of  stable 
communication  services  for  vehiculars  the  LCX 
must  have  radiation  performances  over  wide-band 
frequency,  and  moreover  the  good  uniformity  of 
the  leaked  waves  along  the  LCX  must  be  satisfied 
over  wide-band  frequency.  By  satisfying  the 
radiation  condition  and  avoiding  the  interference 
of  the  radiation  waves  the  good  uniform  distribu¬ 
tion  of  the  leaked  waves  is  able  to  be  achiev¬ 
ed.  (l)  But,  it  needs  the  special  slot  arrange¬ 
ment  to  get  the  good  uniformity  of  the  leaked 
waves  at  frequency  from  150  MHz  band  to  400  MHz 
band.  The  integrated  LCX  system  consists  of  the 
LCX  with  4  different  values  of  coupling  loss,(l) 
and  the  electrical  performances  of  the  integrated 
LCX  base  on  Japanese  National  Railways  require¬ 
ment,  because  it  is  necessary  to  reduce  the  dif¬ 
ference  between  the  maximum  and  minimum  field 
strength  over  long  distance. 

3.  ELECTRICAL  PERPORMANCES 

Electrical  performances  which  are  required 
transmission  line  may  be  usually  determined  by 
concrete  communication  system  adapted  the  trans¬ 
mission  line.  The  integrated  LCX  is  separated 
two  parts,  that  is,  the  transmission  line  for 
coaxial  carrier  and  the  transmission  line  for 
wireless  circuit. 
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IP  repeater  system  which  is  going  to  he 
operated  at  New  Sanyo  Line  is  investigated  as 
one  method  of  repeater  system  for  wireless  cir¬ 
cuit  using  the  LCX.  The  frequency  for  the  IF 
repeater  system  will  he  between  10  MHz  and  30 
MHz,  and  IP  signal  transmits  in  the  LCX.  Three 
signal,  that  is,  IP,  150  MHz  hand  and  400  MHz 
hand  signal,  therefor,  transmit  in  the  LCX. 

A.  Electrical  performances  of  the  small  size 
coaxial  cables  in  the  LCX’s  inner  conductor 

The  inner  cables  of  the  LCX  consist  of  two 
small  size  coaxial  cables  (l. 2/4.4™)  a  Quad- 
cahle.  These  I.2/4.4™  coaxial  cables  base  on 
the  C.C.I.T.T.  recommendation,  and  there  are  not 
technical  problems  in  this  field. 

Construction  over  these  small  size  coaxial 
cables  is  so  complicated  as  shown  in  Fig.  1  that 
process  of  manufacture  of  the  LCX  over  the  1.2/ 
4.4mm  coaxial  cables  is  utmost  important  in  order 
for  the  I.2/4. 4mm  coaxial  cable  to  meet  the  spec¬ 
ification  of  impedance  regularity. 

B.  Electrical  performances  of  the  LCX 
IF  frequency  band 

The  coaxial  cable  as  shown  in  Fig.  1  has 
low-loss  characteristics  at  IP  band  (10  MHz  ~  30 
MHz),  and  then  it  is  investigated  as  transmission 
line  for  repeater  system  of  wireless  circuit. 

The  LCX  is  very  different  from  ordinary  coaxial 
cables  because  the  LCX  has  the  periodic  slot  on 
outer  conductor. 

Communication  cable  may  be  exposed  to  vari¬ 
ous  kinds  of  electromagnetic  interference,  then 
this  interference  is  transformed  into  noise  in 
communication  circuit.  In  a  cylindrical  tube 
having  a  longitudinal  gap  or  a  shields  which  have 
a  longitudinal  seam  it  is  well  known  interference 
increases  with  frequency. (3)  (4)  Noise  into 
which  interference  is  transformed,  therefor,  is 
one  of  serious  problems  of  IP  repeater  system  in 
the  linear  communication  using  the  LCX. 

The  shielding  parameter  on  the  interference  is 
known  as  the  surface  transfer  impedance.  Meas¬ 
ured  values  of  the  surface  transfer  impedance  of 
the  LCX  with  the  longest  slot  are  shown  in  Pig. 

2.  This  performance  of  the  surface  transfer 
impedance  of  the  LCX  has  same  tendency  to  that  of 
coaxial  cable  with  braided  outer  conductor. 

130,  400  MHz  band 

The  integrated  LCX  was  mainly  designed  ve¬ 
hicular  communications  using  400  MHz  band,  and 
mover  was  added  the  good  uniformity  of  the  leak¬ 
ed  waves  at  150  MHz  band.  The  linear  communica¬ 
tion  system  using  the  LCX  diss cussed  here  con¬ 
sists  of  the  LCX  with  4  different  values  of 
coupling  loss.  These  LCX  have  50  ohms  as  charac¬ 
teristic  impedance,  and  the  electrical  perform¬ 
ances  such  as  attenuation  and  coupling  loss  are 
shown  in  Table  1. 


At  measurement  of  the  coupling  loss  as 
shown  in  Table  1  the  LCX  is  laid  on  a  concrete 
floor,  and  the  distance  between  the  LCX  and  di¬ 
pole  antenna  keeps  1.5  meters  high.  The  electri¬ 
cal  performances  of  one  type  of  the  LCX  laid  on 
a  concrete  floor  are  shown  in  Fig.  3-  ®L' e  ^CX 

reported  in  this  paper  has  wide-band  (from  about 
100  MHz  to  around  500  MHz)  transmission  and  radi¬ 
ation  performance  as  shown  in  Pig.  3  except  at 
some  frequency  which  is  determined  by  spacing  of 
slots  measured  by  wavelength  in  the  LCX. 

There  are  many  problems  to  be  investigated 
in  trough  installation  of  the  LCX  on  the  earth1 s 
surface.  It  is  clear  that  the  performances  of 
the  LCX  are  not  degraded  when  the  LCX  is  just 
laid  on  a  concrete  floor.  However,  the  LCX,  as 
shown  in  Pig.  1,  has  not  any  armor  structure  and 
the  LCX  laid  just  on  a  concrete  floor  is  lacking 
in  the  reliability  as  the  transmission  line.  At 
the  installation  of  the  LCX  on  the  earth’s  surface 
the  LCX  has  to  be  protected  by  trough  or  duct. 
Since  electromagnetic  energy  is  stored  in  the 
vicinity  of  the  LCX,  the  transmission  perform¬ 
ances,  especially,  attenuation,  are  strongly 
affected  by  kind  of  material  of  trough  or  duct, 
and  by  dimension  of  those.  There  is  no  room  in 
this  paper  to  discuss  the  relations  between 
transmission  performances  and  the  above  factors 
of  trough  or  duct  in  the  detail.  In  order  to 
achieve  field  test  of  the  integrated  LCX  planned 
by  Japanese  National  Railways,  a  kind  of  baked 
trough  (For  example,  like  pottery)  was  used  after 
investigating  several  kinds  of  trough.  The  per¬ 
formances  of  the  LCX  after  the  trough  installa¬ 
tion  are  shown  in  Table  1  with  those  of  the  LCX 
laid  on  a  concrete  floor,  and  in  Pig.  3  as  func¬ 
tion  of  frequency.  The  uniformity  of  the  coupl¬ 
ing  loss  along  the  each  LCX  becomes  slightly  bad 
after  the  trough  installation  as  shown  in  Pig.  3> 
and  the  difference  of  ^>Of>  value  of  the  coupling 
loss  between  the  LCX  laid  on  a  concrete  floor  and 
the  LCX  installed  in  the  trough  is  less  than  2 
dB.  Except  145,  146  type  LCX,  attenuation  is 
slightly  affected  by  material  of  trough  or  duct. 

The  above  discussion  on  the  coupling  loss  is 
mainly  the  uniformity  along  the  LCX.  However, 
thinking  communication  services  along  the  lines 
such  as  railroads  and  highways  the  regions  where 
vehicular  communications  using  the  LCX  are  able 
to  be  served  may  be  determined  by  radiation  per¬ 
formance  toward  perpendicular  to  the  LCX-axis. 

The  coupling  loss-distance  performances  are  shown 
in  Fig.  4  at  150  MHz  and  450  MHz.  Circular  com¬ 
ponent  and  axial  component  of  electrical  field  of 
the  LCX  become  radiation  waves,  and  radial  compo¬ 
nent  is  inductive  field.  Pig.  4  explains  these 
relationship.  Prom  this  result  of  Pig.  4  service 
area  of  the  LCX  is  wider  and  the  LCX  system  may 
be  able  to  be  applied  highway’s  linear  communica¬ 
tions  . 
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4.  CONNECTING  SYSTEM 

Connector  which  separates  the  inner  small 
size  coaxial  cables  from  the  integrated  LCX  may 
he  a  key  of  the  possibility  of  the  LCX.  Separat¬ 
ing  the  inner  cables  it  is  required  not  to  de¬ 
grade  the  transmission  performances  of  the  LCX 
at  the  frequencies  of  IF  band,  150  MHz  band  and 
400  MHz  band.  Therefore,  the  connector  for  the 
integrated  LCX  must  have  low- insertion  loss  and 
low  V.S.W.R.  Separation  method  described  in  this 
paper  uses  principally  T-junction.  One  line  of 
T-junction  becomes  the  LCX  circuit  and  the  inner 
small  size  coaxial  cables  are  separated  from  an¬ 
other  line  of  T-junction.  Travelling  signal  in 
the  LCX  at  only  one  higher  frequency  band,  the 
connector  is  easily  realized  by  T-stab  and  the 
separation  of  the  inner  cables  is  achieved  by 
using  one  shorted  line  of  T-stab. 

Travelling  signal  at  lower  frequency  at 
which  it  is  difficult  to  apply  the  distribution 
circuit  technique  T-stab  with  shorted  line  is  not 
available,  but  T-junction  is  useful  for  the  con¬ 
nector  as  shown  principal  concept  in  Fig.  5- 
The  chocke  acts  to  stop  the  outer-wall  currents 
at  higher  frequency,  but  another  method  have  to 
be  obtained  in  order  to  stop  the  outer- wall  cur¬ 
rents  at  the  lower  frequency.  The  lower  frequen¬ 
cy  means  IF  frequency  band  in  this  paper  and  fer¬ 
rite  cores  are  used.  Insertion  loss  and  return 
loss  (equivalent  to  V.S.W.R.)  of  the  connector 
are  shown  in  Fig.  6. 

There  is  another  connecting  method  without 
separating  the  inner  cables  from  the  LCX.  The 
connecting  method  which  joints  directly  each 
cable  may  be  important  and  may  be  suitable  for 
just  connecting  the  integrated  LCXs,  because  the 
electrical  performances  may  be  improved,  and 
moreover,  the  cost  of  this  connecting  method  is 
cheaper  than  that  of  the  other  one  discribed  at 
the  first  part  of  this  section.  However,  the 
connector  separating  the  inner  cables  from  the 
integrated  LCX  is  most  important  at  the  repeater 
of  the  inner  cables  and  also  the  LCX  circuit. 

The  field  trial  of  the  integrated  LCX  has 
been  done  by  Japanese  National  Railways.  The 
route  which  was  constructed  by  Hitachi  Cable, 

Ltd.  has  consisted  of  147,  146  and  145  type  LCX 
as  shown  in  Fig.  7*  The  connection  of  each  type 
LCX  has  been  done  by  the  separation  type  con¬ 
nector  as  shown  in  Fig.  8.  Fig.  9  shows  a  view 
of  the  field  trial  route  and  the  trough  installed 
the  integrated  LCX.  According  to  the  total 
transmission  loss  illustrated  in  Fig.  7  the  total 
loss  at  IF  band  is  large  in  comparison  with  that 
at  150  MHz  band.  Main  reason  of  this  result  is 
that  the  electrical  performances  at  IF  band  is 
not  proper  as  shown  in  Fig.  6. 

5.  CONCLUSION 

It  became  clear  that  the  integrated  LCX 
makes  possible  the  integration  of  the  vehicular 
and  point-to-point  communications  by  using  only 


one  cable.  Putting  the  integrated  LCX  into  prac¬ 
tical  use,  the  following  problems  should  be  in¬ 
vestigated: 

(1)  Noise  level  into  which  interference  is  trans¬ 
formed,  and  transmission  line  for  repeater 
system. 

(2)  Practical  installation  method  as  proper 
protector  of  the  LCX. 

(5)  Improvement  of  the  electrical  perf ormances 
of  the  connector  for  separation. 

It  would  seem  that  there  areas  are  still  wide 
open  to  major  improvements  with  more  room  for 
invention  and  development. 

6.  REFERENCES 

(1)  T.  Yoshiyasu,  K.  Mikoshiba  et  al.  "  Leaky 
coaxial  cable  at  VHP  band  and  it's  applica¬ 
tion  to  vehicular  communications"  19th 
International  Wire  and  Cable  Symposium. 

(2)  F.  B.  Woodworth  "A  total  highway  communica¬ 
tions  system  using  Fl-Fq  repeaters"  IEEE 
Trans,  on  VT.  VT-19.  No.  1  Feb.  '70  pp. 69-75* 

(5)  H.  Kaden  "Wirbelstrome  und  schirumung  in  der 
nachrichten  technik  (Electromagnetic  shield¬ 
ing  in  communications  technology)"  Springer 
Verlag,  Berlin,  1959. 

(4)  D.E.  Griffith  "Surface  transfer  impedance  of 
cable  shields  having  a  longitudinal  seam" 
Proceedings  of  National  Electronics  Confer¬ 
ence  1970.  pp. 952~957* 


63  " 


SURFACE  TRANSFER  IMPEDANCE  {^/Km) 


TABLE  I.  ELECTRICAL  PERFORMANCES  OF  LCX 


fre  .. 

Equen> 

TV  PE  \  _ 

ON  A  CONCREATE  FLOOR 

IN  THE  TROUGH 

ATTENUATION 
(  de/  km  ) 

COUPLING  LOSS 

(  as ) 

ATTENUATION 
(  dB/ km  ) 

COUPLING  LOSS 
(  dB) 

I50MHZ 

450  MHz 

150MHz 

450MHz 

I50MHZ 

450MHz 

150MHz 

450MHz 

145 

20.5 

35 

57.3 

54.2 

20 

3  9 

59.2 

53.5 

146 

1  2 

2  4 

65.5 

60.8 

1  3 

3  0 

64.2 

_ 

58.5 

_ 

147 

1  3 

2  2 

74.5 

68.8 

)  2 

£  1 

75.5 

70.2 

148 

1  1 

2  1 

84.5 

79.3 

1  1 

2  ! 

85 

80.4 

COUPLING  LOSS  IN  THIS  TABLE  SHOWS  50  %  VALUE 


POLYETHYLENE  SHEET 
POLYETHYLENE  SHEATH 
ALUMINUM  OUTER  CONDUCTOR  WITH  SLOT 
POLYETHYLENE  PIPE 


ALUMINUM  INNER  CONDUCTOR 
05*  QUAD  CABLE 
SMALL  SIZE  COAXIL  CABLE 
POLYETHYLENE  PIPE 


Fig.  I  PHYSICAL  STRUCTURES  OF  THE  LEAKY  COAXIL  CABLE 
WITH  SMALL  SIZE  COAXIL  CABLE 


Fig.  2  MEASURED  SURFACE  TRANSFER  IMPEDANCE 
FOR  145  TYPE  LCX 


146  TYPE 


Fig  3  THE  ELECTRICAL  PERFORMANCES  OF  146  TYPE  LCX 
LAID  ON  A  CONCREATE  FLOOR  AND  IN  THE  TROUGH 
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COUPLING  LOSS  (dB) 


Fig.  4  COUPLING  LOSS-  DISTANCE  PERFORMANCES 


SEPARATED  LCX  CIRCUIT 


Fig.  5  PRINCIPAL  CONCEPT  OF  CONNECTOR  USING  T 
JUNCTION 


Fig  6  ELECTRICAL  PERFORMANCES  OF  CONNECTOR  SEPARATING  INNER  CABLES 


FREQUENCY  (  IN  MH*  ) 


Fig.  7  CABLE  ROUTE  AND  TOTAL  TRANSMISSION  LOSS  OF 
LEAKY  COAXIAL  CABLE 
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LCX  CIRCUIT 


the  INTEGRATED  LCX 


Fig.  8  CONNECTOR  SEPARATING  THE  INNER 
CABLES  FROM  THE  INTEGRATED  LCX 


Fig  9  THE  INTEGRATED  LCX  INSTALLED 
BETWEEN  RAILWAYS 
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Abstract 


This  presentation  reveals  investigative, 
corrective,  and  control  activities  by  McDonnell 
Aircraft  Company  in  an  effort  to  insure  opti¬ 
mum  integrity  of  wire/cable  ultimately  accepted 
from  processors  for  use  in  Aerospace  Products 
and,  in  general,  the  influence  these  efforts 
had  in  upgrading  the  quality  of  wire/cable 
concerning  the  Aerospace  Industry. 

Introduction 

MCAIR  Program  Purpose  Questioned 

Although  couched  in  varying  types  of 
phraseology  the  questions  have  often  been 
asked,  "Why  is  McDonnell  Aircraft  Company 
(MCAIR)  expending  so  much  effort  and  incurring 
so  much  expense  to  verify  and  assure  the 
integrity  of  incoming  bulk  electric  wire/cable?" . 
"Isn't  it  the  responsibility  of  wire  manufac¬ 
turers  and  processors  to  produce  wire  to 
definite  specifications  and  to  assure  and 
certify  that  only  that  wire  which  meets  these 
requirements  is  released  to  customers?"  These 
questions  were  in  some  instances  most  delicately 
posed  and  answered  with  a  comparable  degree  of 
tact.  The  answers  to  these  questions  are 
always,  essentially,  the  same  and  merely  tempered 
dependent  upon  whether  the  question  emanated  from 
MCAIR  internal  management  or  was  on  the  basis  of 
a  supplier  customer  relationship. 

An  attempt  will  be  made  in  this  article  to 
define  the  reasons  why  MCAIR  engaged  in  such  a 
comprehensive  wire  improvement  and  control  pro¬ 
gram,  including  the  thinking  which  dictated  some 
of  the  courses  pursued.  Also  discussed  will  be 
how  the  program  was  conducted,  circumstances 
encountered,  improvements  and  corrections  insti¬ 
tuted,  preventive  controls  employed  and  the 
monitoring  and  control  systems  installed. 

Hie  program  benefits  which  are  believed 
to  have  accrued  to  MCAIR  and  those  improvements 
considered  to  have  resulted  which  are  beneficial 
to  organizations  external  to  MCAIR  will  also  be 
treated  in  some  detail. 

Other  Companies  Participate 

In  the  interest  of  assuring  a  proper  per¬ 
spective  when  reading  this  paper,  it  is  recom¬ 
mended  that  the  reader  remain  aware  of  the  fact 
that  this  endeavor  was  not  an  exclusive  effort 
of  MCAIR.  Personnel  of  a  number  of  companies 
and  agencies  participated  and  contributed 
through  understanding,  cooperation,  technical 


advice  and  guidance,  making  equipment  and  facil¬ 
ities  available,  attendance  and  contributions 
in  seminars,  symposiums,  meetings,  etc. 

Aerospace  Industry  Precepts  Regarding  Quality 

Hie  operating  principles  which  govern  the 
normal  conduct  of  Aerospace  Quality  Assurance 
activities  must  be  recognized  to  fully  appreciate 
the  factors  which  motivated  this  wire  improvement 
program. 

The  most  important  consideration,  which  of 
course  overrides  all  others,  is  concern  for  con¬ 
ditions  which  could  potentially  have  an  adverse 
affect  on  the  welfare  or  safety  of  users/crewmen 
of  Aerospace  Products,  and  for  the  vehicle 
itself.  There  are,  incidentally,  almost  unlim¬ 
ited  applications  of  wiring  in  Aerospace  Pro¬ 
ducts;  the  failures  of  which  could  have  a  direct 
impact  in  this  respect. 

Granted  1  "the  best  thing  to  do  about  a 
discrepant  item  is  to  not  make  it" .  However, 
in  the  interest  of  reality  and  discarding  the 
probability  of  total  manufacturing  perfection, 
discrepant  articles  should  be  detected  and 
restricted  to  the  manufacturer ' s  or  supplier 1 s 
facilities. 

In  recognition  of  the  possibility,  and 
previous  cases,  of  inadvertent  supplier  shipment 
of  nonconforming  articles,  the  Aerospace  Manu¬ 
facturer  must  be  capable  of  detecting  these 
items  at  the  Receiving  Inspection  stages. 

Compounding  "Quality11  Problems 

Failure  to  detect  nonconforming  articles 
at  either  of  the  foregoing  preliminary  check 
points  sets  the  stage  for  relatively  increasing 
difficulties  equatable  to  time  elapsed,  extent 
of  progression  of  the  item  through  assembly  and 
installation  operations,  and  the  degree  of  dis¬ 
semination  of  such  items  to  end  customers. 

Detection  of  nonconformities  in  component 
articles  at  stages  subsequent  to  release  by  a 
supplier  also  invokes  penalties  in  the  form  of 
relative  increases  in  delays,  manhour  expendi¬ 
tures,  overall  costs,  and  finally  the  associated 
stigma  as  attached  by  the  end  customer, 

A  principal  objective  of  MCAIR  when  con¬ 
ducting  this  program  has  been  to  prevent  a 
"fiasco"  i.e.,  an  incident  wherein  the  entire 
production  line  is  polluted  as  well  as  numerous 
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end  items  (aircraft,  etc.)  which  have  been 
delivered  over  an  extended  period  of  time  and 
to  various  bases  prior  to  discovery  that  dis¬ 
crepant  components  have  been  incorporated. 
Experiences  with  a  limited  number  of  such  inci¬ 
dents  is  sufficient  to  convince  any  sensitive 
Quality  Assurance  Division  of  the  wisdom  of 
instituting  preventive  measures  to  avoid  such 
experiences  in  the  future,  regardless  of  the 
preventive  effort  required. 

MCAIR  Commences  Program 

For  some  time  prior  to  inception  of  the 
MCAIR  Wire  Improvement/Verification  Program  the 
subject  type  wire  was,  generally,  accepted  on 
the  basis  of  Wire  Processor1 s/Supplier1 s  certi¬ 
fications.  In  April,  1969,  it  came  to  the 
attention  of  MCAIR  Quality  Engineering  that  as 
a  result  of  a  very  limited  footage  of  Teflon 
insulated  wire  being  tested  for  dielectric 
properties,  by  use  of  the  "tank  type  solution 
testing  method",  the  wire  tested  was  found  to 
exhibit  an  inordinate  number  of  insulation 
defects. 

In  immediate  response  to  this  alert,  sample 
quantities  from  various  wire  lots  were  similarly 
tested  and  did  indeed  contain  essentially  the 
same  types  of  discrepant  conditions.  Testing 
of  these  sample  quantities  revealed  that  failures 
were  occurring  at  as  low  as  l+QO  to  800  volts 
although  per  Mil  Specification  requirement  the 
insulation  should  have  been  capable  of  with¬ 
standing  2200  volts  for  one  minute.  On  the 
basis  of  this  preliminary  investigation,  it  was 
seriously  suspected  that  MCAIR  was  in  fact  being 
subjected  to  excessive  footage s  of  nonconforming 
wire,  and  that  a  deeper  study  would  be  required 
to  assess  the  true  seriousness  and  extent  of  the 
problem.  Subsequent  investigations  and  studies 
confirmed  these  suspicions  and  also  that  the 
problem  was  common  to  various  sources  of  supply 
and  highly  repetitious  in  nature.  Fortunately, 
only  a  limited  number  of  incidents,  equipment 
malfunctions,  etc.,  were  positively  traceable 
to  this  type  of  inferior  wire/cable  and  no  cases 
of  major  failures  were  assignable  to  this  cause. 
The  now  apparent  "industry  wide"  scope  of  the 
problem  plus  the  unknown  duration  gave  evidence 
of  the  impending  difficulties  which  would  be 
encountered  in  effecting  necessary  improvements 
and  controls.  During  the  course  of  preliminary 
studies,  it  was  learned  that  in  the  past  there 
had  been  several  abortive  attempts  to  gain  a 
solution  to  the  problems  of  detecting  deficien¬ 
cies  and  controlling  the  quality  of  incoming 
wire  in  general. 

It  was  determined,  at  this  time,  that  a 
very  comprehensive  program  would  be  required 
and  would  be  resolutely  prosecuted  through  a 
successful  conclusion.  In  order  to  accomplish 
this  ambitious  task  it  was,  naturally,  necessary 
to  assure  a  "unified  front".  Therefore,  an 
intensive  coordination  was  commenced  to  assure 
that  all  MCAIR  Divisions  were  in  agreement  as 


to  the  nature  of  the  overall  problem  and  the 
direction  of  the  effort. 

In  addition  to  alignment  of  MCAIR  internal 
forces  it  was  necessary  to  enlist  the  partici¬ 
pation  of  a  number  of  other  companies  including 
raw  materials  manufacturers,  conductor  fabrica¬ 
tors,  wire  processors,  and  equipment  manufac¬ 
turers.  The  response  by  all  participating 
personnel  was  proven  to  be  most  necessary, 
extremely  gratifying,  and  surely  a  fine  cooper¬ 
ative  effort  recognized  by  all  involved.  The 
conduct  of  this  program  was  very  unique  in  that 
participants  repeatedly  subordinated  certain 
interests  of  their  respective  companies  in  con¬ 
tributing  to  attainment  of  the  end  objectives 
of  the  program. 

Meaning  of  Certifications 

In  the  embryonic  stages  of  the  program, 

MCAIR  representatives  were  present  in  a  meeting 
wherein  wire  suppliers1  representatives  were 
questioned  concerning  the  real  significance* of 
"suppliers1  certifications".  This  question  was 
prefaced  by  MCAIR  Quality  Assurance  stating  that 
a  recently  received  and  inspected  shipment  of 
Mil  W  22759/11  wire  exhibited  numerous  insulation 
faults  and  consequent  dielectric  failures  althougi 
accompanied  by  documentation  certifying  that  the 
wire  met  all  requirements  of  the  military  speci¬ 
fications.  In  response  it  was  explained,  by  an 
authoritative  supplier  representative,  that  the 
certification  merely  meant  that  the  specific  lot 
had  satisfactorily  passed  applicable  tests  and 
inspections  at  the  "supplier's"  facilities  and 
should  not  be  interpreted  as  implying  that  the 
same  lot  would  prove  acceptable  if  subsequently 
tested  in  a  similar  manner  by  MCAIR.  Explanation 
of  the  reason  for  this  interpretation  of  the  mean¬ 
ing  of  a  certification  being  that  "Wet  Dielectric 
Testing"  produced  a  "Corona  Effect"  which  in  turn 
caused  degradation  of  the  insulation,  and  that 
each  subsequent  wet  test  would  produce  additional 
defectives . 

Wet  Dielectric  Testing  Mandatory 

At  this  point  in  the  program  the  "Wet 
Dielectric"  testing  method  was  the  only  author¬ 
ized  method  approved  by  Mil  Specification  W 
22759-B  as  a  mandatory  requirement  for  acceptance 
and  applicable  to  all  wire  processors.  Consider¬ 
ing  the  combination  of  a  mandatory  requirement 
for  wet  testing  and  a  somewhat  universal  agree¬ 
ment  that  such  test  methods  caused  insulation 
deterioration  MCAIR  was  seemingly  relegated  to 
the  untenable  position  of  actually  causing  the 
defects  concerning  which  rejections  and  complaints 
were  subsequently  originated.  Despite  advance¬ 
ment  of  the  "Corona  degradation  theory"  by  cer¬ 
tain  wire  manufacturing  authorities,  in  the  field, 
it  should  be  noted  that  proof  and/or  documenta¬ 
tion  was  never  presented  to  MCAIR  which  was  con¬ 
sidered  adequate  to  support  such  theory  relative 
to  wire  insulation  which  was  compounded  and 
applied  in  compliance  with  applicable  manufac- 
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turing  specifications. 

Things  Were  Actually  As  Bad  As  They  Seemed 

The  thinking  and  suggestions  that  MCAIR 
would  in  reality  be  utilizing  better  quality 
wire  in  end  products  if  nq  incoming  dielectric 
tests  were  performed  was  considered  by  MCAIR 
to  be  a  logical  deduction  on  the  basis  of  the 
premises  made  but  surely  not  an  acceptable 
solution  to  MCAIR' s  known  problems.  MCAIR 
instead  conducted  a  short  term  100$  testing 
exercise  utilizing  the  "wet"  test  to  establish 
the  actual  severity  of  the  problem.  It  was 
found  that  the  rejection  rate  was  a  startling 
55$.  In  reaction  to  determining  this  abnormally 
high  rate  of  failure,  it  was  decided  to  continue 
testing  of  all  incoming  shipments.  However,  in 
view  of  the  high  volume  of  usage  by  MCAIR  and 
the  cumbersome  procedure  required  to  wet  test 
in  accordance  with  specifications,  it  was 
judged  necessary  to  create  a  sampling  plan. 

The  sampling  plan  was  also  considered  to  be 
the  only  logical  route  in  view  of  the  test 
time  factor  equated  to  the  production  line 
usage  rate.  The  sampling  plan  introduced  was 
then  closely  monitored  regarding  all  incoming 
shipments.  Lots  which  were  not  acceptable  on 
the  basis  of  the  samples  tested  were  returned 
to  the  applicable  supplier.  Concurrent  with 
this  testing  procedure  records  were  compiled 
to  permit  evaluation  of  the  relative  quality 
of  wire  received  from  various  sources.  On  the 
basis  of  these  records  and  in  the  interest  of 
immediately  upgrading  the  quality  of  wire  being 
used  in  MCAIR  products,  pending  the  proposed 
general  improvements  we  intended  to  effect, 

MCAIR  procurement  department  was  advised  of 
the  most  probable  sources  of  acceptable  wire. 
Subsequent  orders  were  placed  accordingly, 
and  intensified  efforts  were  made  to  encourage 
and  work  in  coordination  with  other  sources 
toward  improvement,  in  view  of  the  apparent 
industry-wide  scope  of  the  problem.  In  review¬ 
ing  and  evaluating  the  operations  of  some  sup¬ 
pliers  it  was  found  that  in  certain  instances 
it  would  have  been  impossible  to  100$  wet  test 
a  specific  shipment  because  of  the  size  of  the 
lot  as  compared  to  the  time  interval  which 
would  have  been  required  using  equipment  avail¬ 
able.  This  finding  verified  MCAIR  suspicions 
that  at  least  some  previous  shipments  had  not 
in  fact  been  100$  tested  prior  to  submission  to 
MCAIR.  Despite  the  emphasis  being  placed  on 
the  importance  of  proper  inspection  and  testing, 
by  both  suppliers  and  MCAIR,  it  was  realized 
that  these  checks,  in  themselves,  could  not 
improve  the  basic  quality  of  wire/cable,  and 
that  positive  improvements  must  be  made  in 
manufacturing  processes  and  facilities.  This 
message  was  repeatedly  conveyed  to  the  various 
suppliers  along  with  exhibits  giving  material¬ 
istic  evidence  of  the  types  of  discrepancies 
being  detected  by  MCAIR. 


Wire  Processors  Respond 

Survey  of  suppliers1  facilities,  in  con h 
pany  with  the  suppliers'  representatives, 
brought  to  light  the  fact  that  in  some  cases 
the  lack  of  adequate  tool  control  and  inspection 
procedures  regarding  extruding  tips  and  dies 
was  responsible  for  certain  types  of  insulation 
deficiencies.  It  was  also  found  that  teflon 
mixing  and  preform  rooms  were  insufficiently 
clean  and  lacking  in  necessary  environmental 
controls.  These  conditions,  in  turn,  contrib¬ 
uted  to  insulation  problems  in  the  form  of 
excessive  contaminants,  surface  imperfections, 
cuts,  scratches,  abrasions,  subsurface  voids, 
pits,  etc. 

In  meeting  individually  and  collectively 
with  wire  processors'  representatives  and 
personnel  of  various  other  associated  companies, 
plans  were  evolved  to  pursue  a  number  of  aspects 
of  the  overall  problem.  Many  meetings,  seminars, 
etc.  ensued  with  improvements  being  accomplished 
as  a  result  of  efforts  of  each  participating 
company. 

Oops  With  improvements  being  accomplished 
on  an  industry-wide  basis  and  the  sampling  plan 
at  MCAIR  seemingly  controlling  the  quality  of 
wire  actually  progressing  to  MCAIR  assembly 
stages  the  horizon  seemed  to  be  brightening. 

Fate,  however,  would  not  permit  such  a  premature 
solution  to  such  a  gross  problem.  Red  Plague 
Struck 1  Some  four  and  one-half  million  feet  of 
teflon  (hook-up)  wire  was  discovered  to  contain 
varying  degrees  of  Red  Plague.  Naturally, 
diverting  of  this  huge  quantity  of  wire  from 
the  production  cycle  created  intolerable 
shortages  thus  interrupting  normal  progression 
of  the  wire  improvement  program.  In  deference 
to  the  planned  program  it  now  became  necessary 
to  divert  some  wire  from  normal  planned  veri¬ 
fication,  and  data  accumulation  sequences.  In 
order  to  assure  continuation  of  MCAIR  production 
scheduled,  it  was  necessary  to  temporarily 
institute  a  source  acceptance  program.  MCAIR 
Outside  Production  Quality  Assurance  personnel 
were  utilized  to  maintain  surveillance  and 
accept  wire  at  the  various  wire  suppliers' 
facilities.  This  change  temporarily  interrupted 
the  planned  collection  of  MCAIR  inhouse  failure 
data.  The  total  impact  of  the  "Red  Plague" 
exercise  gave  impressive  testimony  to  the  need 
for  drastic  change  in  the  methods  of  verifying 
the  integrity  of  insulation,  particularly 
regarding  successive  wet  testings. 

Although  revision  "C"  to  Mil  W  22759  was 
released  at  this  point  and  now  permitted  impulse 
type  testing  using  the  annular  ring  electrode 
the  referee  in  case  of  controversy  was  still 
the  "Wet  Test". 

Equipment  Needs  And  Testing  Methods  Studied 

It  was  realized  that  with  reinstitution  of 
volume  testing  at  MCAIR  there  would,  unless 
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remedied,  be  a  long  term  problem  connected 
with  the  testing  of  wire  which  in  turn  would 
hamper  the  overall  attempt  to  prompt  advance¬ 
ment  of  the  state  of  the  art  concerning  the 
quality  of  wire  being  submitted  to  aerospace 
manufacturers.  This  situation  was  occasioned 
by  MCAIR*  s  lack  of  either  impulse  testing 
equipment  and/or  lack  of  automatic  equipment 
for  "Wet  Dielectric"  testing.  MCAIR  personnel 
involved  in  this  program  determined  that  most 
certainly  MCAIR  needed  a  more  efficient  means 
of  verifying  the  integrity  of  large  volumes  of 
incoming  wire  and  the  only  real  uncertainty 
being  precisely  what  type  of  equipment  would 
be  preferable  and  in  concert  with  what  might 
eventually  be  the  universally  accepted  and 
authorized  test  method.  In  question  was  the 
simulated  ring,  bead  chain,  brush  electrode, 
high  frequency  sine  wave  in  conjunction  with 
the  bead  chain,  DC  testing,  etc.  Despite  the 
uncertainty  as  to  which  type  electrode  and 
power  source  would  ultimately  prove  to  be 
the  most  desireabl^  there  was  a  basic  need 
for  sophisticated  respooling  equipment.  Since 
such  re spooling  equipment  could  accommodate 
any  of  the  various  power  sources  or  electrodes 
it  was  determined  that  an  all  out  effort  must 
be  made  to  obtain  this  basic  machinery. 

At  this  time  industry  at  large  seemed 
to  be  groping  for  the  most  appropriate  method 
of  testing  insulation  dielectric  properties. 

Such  test  method  must  be  capable  of  assuring 
the  detection  of  potentially  harmful  insulation 
deficiencies  while  not  degrading  the  test 
item  by  duplicate  tests,  or  imposing  excessively 
stringent  acceptance  standards  on  either  the 
wire  processors  or  end  users. 

Insulation  Testing  Seminar 

In  view  of  the  variety  of  opinions 
expressed  by  authorities  in  the  equipment  and 
testing  fields  concerning  both  the  advantages 
and  disadvantages  of  certain  types  of  equipment 
it  was  decided  that  a  seminar  of  national  scope 
should  be  arranged  which  foreseeably  might 
serve  two  prime  purposes;  first,  result  in 
industry-wide  unanimity  regarding  the  type 
of  test  equipment  and  test  criteria  for  univer¬ 
sal  use,  and  secondly  MCAIR  would  elicit 
information  necessary  to  properly  equip  testing 
and  inspection  facilities  for  long  term  currency 
to  Mil  Spec,  test  criteria. 

The  "Seminar  on  Dielectric  Testing  of 
Aircraft  Electrical  Hook  Up  Wire"  was  arranged 
and  conducted  at  MCAIR  on  28  April  1970. 

Speakers  were:  Ronald  Soloman  -  McDonnell 
Aircraft  Company,  Richard  Wilkes  -  Hipotronics 
Inc.,  Harold  Endicott  -  Engineering  Consultant, 
Lou  Frisco  -  Director  of  Manufacturing  Raychem 
Corporation,  Jerry  Leary  -  ITT  Surprenant, 

Joseph  Reed  -  Technical  Specialist  E.  I.  DuPont > 
Plastics  Dept.,  Thomas  Stewart  -  Process 
Engineer  Haveg  Industries,  Richard  Thayer  - 
Director  of  Technical  Services  Tensolite 


Insulated  Wire.  The  speakers  were  asked  to 
address  themselves  to  the  following  subjects: 

A.  What  type  of  dielectric  test  equipment  will 
insure  the  best  dielectric  integrity  of  an 
insulation? 

B.  Does  some  equipment  do  a  better  job  on  an 
extruded  insulation  than  on  a  tape  wrapped 
insulation? 

C.  What  are  peculiarities  of  testing  tape 
wrapped  insulations? 

D.  How  compatible  is  dry  dielectric  equipment 
with  wet  tank? 

E.  What  supporting  test  data  can  you  offer  to 
establish  the  superiority  of  a  given  type 
of  equipment? 

F.  What  are  advantages  and  disadvantages  of 
wet  tank  test? 

G.  What  about  cost  of  purchase,  setup,  opera¬ 
tion  and  maintenance  of  different  types  of 
dry  dielectric  test  equipment?  What  human 
factors  are  critical  to  successful  opera¬ 
tion? 

H.  Some  consideration  is  being  given  to 
using  a  power  source  with  a  brush  tandem. 
Evaluate  this  consideration. 

I.  Make  a  firm  recommendation  for  a  dielectric 
test  system  to  insure  good  dielectric 
integrity  of  wire  to  be  used  at  McDonnell. 

In  addition  to  the  scheduled  speakers, 
there  was  a  very  gratifying  attendance  of 
concerned  personnel  representing  various  types 
of  companies,  plus  representatives  from  a 
number  of  MCAIR  internal  departments.  Responses 
to  speakers'  presentations  and  ensuing  dis¬ 
cussions  were  rather  scintillating  and  most 
informative.  In  fact,  subsequent  to  the 
seminar  comments  were  received  extolling 
the  merits  of  this  type  of  opportunity  to 
collectively  review  and  discuss  the  latest 
thinking  and  techniques  relative  to  important 
and  mutually  interesting  subjects  such  as  the 
"Electrical  Wire  Dielectric  Testing"  Seminar. 

Although  the  "pay  off"  probably  varied 
somewhat  depending  upon  the  basic  interest 
of  each  attendee,  it  did  provide  a  more 
definitive  course  of  direction  for  the  "Wire 
Improvement  Program",  being  spearheaded  by 
MCAIR.  There  appeared  to  be  two  immediate 
objectives  the  attainment  of  which  would 
alleviate  a  long  term  trouble  area. 

Establishment  of  an  alternate  dielectric 
test  which  would  be  equal  to  or  better 
than  the  wet  tank,  and  equally  suitable 
to  the  wire  manufacturer,  the  wire  user, 
and  the  customer  for  the  end  product. 
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The  collection  of  dielectric  test  and 
failure  data  necessary  to  convince  the 
military  of  the  equivalence  and  accepta¬ 
bleness  of  the  proposed  new  test  method* 
Solicitation  of  wire  manufacturers1 
support  concurrent  with  test  data  acqui¬ 
sition  efforts.  Pursue  incorporation  of 
the  proposed  test  into  all  military  wire 
specifications . 

Annular  Electrode  Questioned 

Most  military  wire  specifications  in 
existence  at  the  time  permitted  impulse 
dielectric  testing  utilizing  the  annular 
electrode.  However,  with  the  use  of  the  annu¬ 
lar  electrode,  the  test  data  analysis  raised 
questions  concerning  the  equivalence  of  this 
combination  as  compared  to  the  wet  tank  test. 
MCAIR,  therefore,  continued  to  require  that 
wire  manufactured  for  MCAIR  use  be  100$ 

"wet  tested" .  All  applicable  purchase  orders 
were  so  annotated  and  accepted  as  a  contract 
condition  by  the  Wire  Suppliers.  Impulse 
electrodes  to  be  considered  and  evaluated  were 
the  "Brush  Electrode"  and  the  "Miniature  Bead 
Chain  Electrode".  Both  could,  incidentally, 
be  powered  by  the  same  impulse  power  source. 
(Several  types  being  currently  on  the  market.) 
Working  in  coordination  with  Wire  Suppliers 
MCAIR  commenced  a  testing  study  comparing  the 
results  of  "impulse  testing"  with  the  results 
obtained  by  the  "wet  test"  method.  Impulse 
testing  was  accomplished  using  the  "BR-1  Brush" 
type  electrode  and  11. KV  test  voltage.  The 
wet  test,  of  course,  required  testing  at 
2.2KV.  Approximately  3h  million  feet  of  wire 
was  used  in  conducting  these  tests  with  the 
impulse  test  being  performed  first  and 
followed  by  the  wet  test. 

Impulse  Versus  Wet  Test  Equivalency  Established 

The  results  were  a  very  near  equivalency 
of  capabilities  of  detecting  dielectric  fail¬ 
ures.  This  exercise  provided  more  confidence 
that  an  equal  or  better  substitute  for  "Wet" 
testing  was  feasible  and  that  further  research 
and  effort  was  justified.  An  added  incentive 
for  securing  a  universally  acceptable  substi¬ 
tute  for  the  Wet  test  was  the  fact  that 
although  wire/cable  of  Tape  Wrap  Construction 
was  being  considered  for  use  on  the  F-15 
aircraft  and  MCAIR  Engineering  was  evidencing 
opposition  to  exposing  any  type  wire  or  cable, 
to  be  used  on  this  project  to  the  tank  test. 
Also  MCAIR  Quality  Assurance  elected  to  100$ 
dielectric  test  all  wire  to  be  used  on  DC- 10 
Wing  components. 

Considering  the  ever  mounting  requirements 
for  verification  testing  of  incoming  wire,  the 
limitations  of  MCAIR  wet  testing  equipment, 
and  the  increasing  problem  of  maintaining 
adequate  supplies  to  support  the  production 
line,  it  became  ever  more  evident  that  as  a 
minimum  MCAIR  would  need  a  more  sophisticated 


means  of  assuring  the  quality  of  wire  intended 
for  McDonnell  Douglas  (MDC)  products.  It 
continued,  however,  to  appear  possible  to 
resolve  MCAIR’ s  internal  problems  while  at 
the  same  time  hammering  out  an  improved  and 
acceptable  wire  testing  system  which  would 
be  applicable,  and  beneficial,  to  other  wire 
users  and  wire  processors  on  a  national  basis. 

MCAIR  Equiment  Needs 

With  these  dual  objectives  in  mind  and 
bolstered  by  a  realization  of  the  significance 
of  the  achievements,  if  these  goals  were 
attained,  added  impetus  was  given  the  program. 
Immediately  steps  were  taken  to  determine  the 
type  of  spooling/re spooling  equipment  pre¬ 
ferred,  the  most  adaptable  power  source,  and 
the  most  promising  type  electrode.  Information 
resulting  from  the  Seminar  of  28  April  1970 
was  very  instrumental  in  directing  MCAIR  in 
the  search  for  the  needed  testing  equipment. 

As  the  MCAIR  team  arrived  at  conclusions  con¬ 
cerning  the  specific  equipment  preferred  it 
became  necessary  to  secure  internal  authoriza¬ 
tions  for  actual  procurement.  This  particular 
step  in  the  program  did  not  prove  to  be  a 
simple  operation,  as  it  became  necessary  to, 
figuratively,  sell  the  proposed  testing  proce¬ 
dure,  and  preferred  testing  equipment  to  a 
number  of  internal  disciplines,  such  as: 

o  Quality  Assurance  Management 

o  Electrical  Engineering 

o  Electrical  Planning 

o  Equipment  Engineering 

o  Manufacturing  Authorities 

o  Corporate  Management 

o  Budget  Representatives 

o  Procurement  (Single  Source  vs 
Competitive  Bids) 

o  Standards  Engineering 

o  Materials  and  Processes  Engineering 

o  Staff  Engineering 

Formal  Proposal  For  Equiment 

It  became  quite  apparent  that  it  would 
be  necessary  to  sequentially  explain,  and 
justify  to  each  of  these  departments  involved 
the  basic  reasons  why  the  changes  and  asso¬ 
ciated  expenditures  were  being  sought.  Since 
the  basics  of  a  very  comprehensive  problem 
would  have  to  be  explained  a  number  of  times 
it  was  decided  that  a  formal  written  proposal 
would  be  prepared  and  provided  to  all  con¬ 
cerned  departments.  This  documented  "Proposal 
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For  Inspection,  Testing  and  Handling  of 
Incoming  Bulk  Electric  Wire"  did  prove  to 
be  very  instrumental  in  conveying  the  message. 
There  were,  however,  decisions  to  be  made 
such  as,  make  or  buy,  and  whether  single  source 
or  competitive  bid  type  procurement  was  the 
most  logical  approach. 

New  Equipment  Acquired 

Subsequently,  20  November  1970,  MCAIR 
took  delivery  of  a  commercially  available 
Impulse/Re spooler  machine  capable  of  adaption 
to  the  variety  of  electrodes  being  considered. 
This  acquisition  now  permitted  MCAIR  to  conduct 
in-house  evaluations  of  impulse  testing  utili¬ 
zing  several  types  of  electrodes  as  compared 
to  the  wet  test  method. 

Incidently,  prior  to  placing  this  equip¬ 
ment  in  use  calibration  checks  were  performed, 
adjustments  made,  etc.,  to  assure  that  sub¬ 
sequent  test  data  were  reliable.  In  this 
respect  the  npower  source"  manufacturer  pro¬ 
vided  technical  assistance  relative  to  his 
component . 

Miniature  Chain  Bead  Electrode 

As  a  result  of  consultations  and  numerous 
tests  to  equate  the  various  types  of  electrodes 
it  was  determined  that  the  "miniature  bead 
chain"  was  the  most  promising  type  electrode 
to  serve  the  intent  of  the  overall  program. 

Next  in  the  sequence  of  steps  was  a 
need  to  establish  optimum  test  voltages, 
pulses  to  wire  speeds,  etc.,  in  order  to 
achieve  a  severity  of  test  comparable  to 
the  wet  test,  which  was  generally  conceded 
to  be  an  established  and  sufficiently  severe 
test  capable  of  revealing  potentially  harmful 
wire  imperfections. 

Test  lots  (approximately  2^  million  feet 
total)  were  alternately  tested  by  Wet  Test 
method  followed  by  impulse,  then  impulse 
followed  by  Wet  Test .  Planned  into  this 
series  of  tests  were  controlled  and  tabulated 
variations  in  applied  impulse  test  voltages 
and  wire  speeds.  Many  types  of  wire/cable 
configurations  which  were  manufactured  to 
Military  Specifications  81381,  81044,  22759 
and  16878  were  the  prime  test  specimens. 

A  "Guinea  Pig"  test  spool  was  created 
which  consisted  of  approximately  800  feet  of 
wire  containing  several  original  manufacturing 
defects,  and  to  which  a  number  of  both  common 
and  uncommon  defects  were  added.  This  spool 
subsequently  served  in  a  "proof"  type  capacity 
through  some  100  tests  by  both  MCAIR  and  other 
participants  in  the  program.  Periodic  verifi¬ 
cation  of  equipment  calibration  was  one  of  the 
uses  of  this  spool.  This  spool  was  also  tested 
at  numerous  voltages  ranging  from  7-5&V  through 
11.5KV,  at  wire  speeds  of  100FPM  -  through 


pOOFPM.  Repeatability  of  the  impulse  equipment 
and  testing  method  proved  to  be  excellent. 

Optimum  Impulse  Test  Voltage  Established 

Findings  and  determinations  resulting 
from  these  tests  were  that  in  the  consensus 
of  opinions  the  optimum  impulse  test  parameters 
was  a  voltage  of  10KV  at  a  wire  speed  of  300FPM* 
These  established  impulse  test  criteria  would 
result  in  a  test  which  is  somewhat  more  strin¬ 
gent  than  the  "Wet  Test"  method  but  which  was 
agreed  to  be  necessary  and  preferred  in  order 
to  assure  the  required  degree  of  perfection 
of  insulation,  minimize  the  necessity  of 
repeated  verification  tests,  and  assure 
credence  of  the  test,  and  therefore,  confidence 
in  the  accepted  product. 

Supplier /User  Agreement  In  a  subsequent 
meeting  of  major  wire  processor's  representa¬ 
tives,  participating  in  the  wire  improvement 
program,  and  MCAIR  personnel  an  agreement  was 
reached  in  that  impulse  testing  at  10KV  test 
voltage  using  the  miniature  chain  bead  and 
a  wire  speed  of  300FPM  would  be  considered 
as  an  authoritative  basis  for  acceptance  or 
rejection  by  both  the  Wire  Processors  and  MCAIR. 
This  joint  decision  also  eliminated  the  need 
for  any  referee  tests,  and  was  intended  to 
prevent  contesting  of  test  results.  It  was 
also  agreed  that  evaluation  tests  would  continue 
at  both  MCAIR  and  Wire  Processor's  facilities 
to  compile  more  data,  with  the  ultimate  objec¬ 
tive  being  to  obtain  a  revision  of  Military 
Wire  Specifications,  wherein  the  described  test 
procedure  would  be  incorporated  with  the  exclu¬ 
sion  of  both  the  "Wet  Test"  and  Annular  Ring 
Electrode  Methods. 

Ground  Work  Laid  For  Military  Specification 
Revisions 

Concurrent  with  continuation  of  the  test¬ 
ing/evaluation  program  MCAIR  representatives 
consulted  with  Government  Military  Officials 
responsible  for  content  and  control  of  Military 
Specifications.  The  purpose  of  these  contacts 
was  to  brief  these  authorities  regarding  the 
intentions  of  Wire  Processors,  Wire  Users,  and 
other  concerned  participants  in  the  program,  to 
lay  necessary  ground  work,  and  to  "feel  the 
pulse"  of  the  military  relative  to  the  impending 
proposals . 

The  reaction  of  these  authorities  was 
most  gratifying  and  had  the  effect  of  further 
motivating  proponents  of  the  changes.  Although 
expressing  agreement  with  the  approach  and  basic 
concepts  being  promoted  there  was  a  request  that 
the  military  be  kept  informed  of  the  progress 
of  the  study  and  ensuing  phases  of  the  data 
accumulation  efforts. 

NEMA  Consulted 

Upon  accumulation,  and  tabulation,  of  an 
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EXHIBIT  "A” 

DEFECTIVES - *•  7/24  -• - LENGTHS  TESTED  MCAIR  IMPULSE /TANK  RESULTS  **  KV  -  At  vhich  lengths  failed  wet  test 
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l89S  AB  3/94  -  -  7/95  -  *21/140  -  #  9^8.5,  95011,  140  tank, 

*8.5  impulse  failed  tank 


additional  one  million  feet  of  wire  test  data 
(Exhibit  "A"  being  an  example  page  reflecting 
the  method  used  to  tabulate  test  data)  MGAIR 
representatives  attended  a  meeting  of  the 
National  Electrical  Manufacturer’s  Association 
(NEMA)  to  obtain  comments  and  endorsement  by 
the  NEMA  relative  to  the  course  being  pursued 
and  the  ultimate  objectives  of  the  program. 

After  considerable  discussion  the  NEMA  committee 
agreed  that  the  data  presented  by  MGAIR  offered 
impressive  evidence  to  support  eventual  adop¬ 
tion  of  the  "Miniature  Bead  Chain"  type  of 
impulse  electrode  and  test  methods  being  pro¬ 
posed.  The  committee  adopted  a  resolution 
recommending  use  of  the  bead  chain/impulse 
test  method  and  suggested  that  the  MGAIR 
program  continue  efforts  to  have  this  method 
of  testing  incorporated  into  applicable  mili¬ 
tary  specifications. 

Fortified  by  the  NEMA  committee  resolution 
and  backing,  and  armed  with  impressive  test 
documentation  MGAIR  representatives  attended  a 
meeting  in  Washington  DC  with  the  Government 
officials  responsible  for  Military  Specifica¬ 
tions  for  the  express  purpose  of  further 
updating  these  gentlemen,  as  was  their  previous 
request.  The  data  offered  and  the  case  presen¬ 
ted,  was  again  very  well  received  and  MGAIR 
representatives  were,  in  essence,  advised  to 
go  forth  and  seek  the  additional  concurrence 
of  the  SOCIETY  OF  AUTOMOTIVE  ENGINEERS  (SAE  - 
A2H) .  A  verbal  commitment  was  obtained  at  this 
time  to  the  effect  that  upon  securing  agree¬ 
ment  and  approval  by  NEMA,  and  SAE  -  A2H, 
regarding  the  proposals.  Naval  Air  Systems 
Command  would  duly  revise  Military  Specifica¬ 
tions. 

Inspired  by  successes,  awed  by  further 
challenges,  and  enthused  at  prospects,  MCAIR 
proceeded  by  recognizing  that  to  accomplish 
the  next  series  of  objectives  it  would  be 
advantageous  to  further  reinforce  our  case 
with  additional  test  data. 

SAE  -  A2H  Committee 

By  the  time  the  SAE  -  A2H  meeting  had 
convened,  IB  May  1971  (Atlanta,  Ga.)  MCAIR 
had  compiled  test  data  far  in  excess  of 
65  million  feet  of  wire,  and  had  obtained  the 
support  of  a  number  of  other  concerned  sources. 
The  accumulated  test  data  as  summarized  reveals 
that: 

o  A  specific  lot  of  wire  when  tested 
by  the  miniature  bead  chain  impulse 
method  at  "8.5KV"  resulted  in  a 
failure  rate  of  2%.  Subsequent  test 
of  the  same  lot  (with  impulse  detected 
failures  removed)  by  the  "wet"  dielec¬ 
tric  method  resulted  in  a  failure  rate 
of  1 2$. 

o  Another  lot  when  impulse  tested  in 
the  same  manner,  except  at  a  raised 


test  voltage  of  10. KV,  resulted  in 
a  failure  rate  of  21 %.  When  subse¬ 
quently  wet  dielectric  tested  there 
were  no  additional  failures. 

The  following  committee  recommendations 
resulted  from  this  meeting: 

A.  "The  miniature  bead  chain  electrode 
should  be  used  as  a  replacement  for  the 
annular  electrode  in  the  dielectric  test 
and  the  revised  impulse  test  should  be 
used  as  a  replacement  for  the  tank  test. 
The  description  of  the  annular  ring 
electrode  and  the  dielectric  tank  test 
should  be  deleted  from  all  Military 
Specifications." 

B.  "A  test  potential  of  10.0KV  should  be 
used  in  conjunction  with  the  miniature 
bead  chain  electrode  for  all  wires  that 
presently  require  a  2200  or  2500  volt 
dielectric  tank  potential." 

In  addition,  it  was  recommended  that 
test  method  "3016"  be  rewritten  so  that 
definitions  of  the  impulse  power  source, 
the  test  electrode,  and  general  operating 
parameters  were  compatible  with  this  new 
test  method  being  advocated.  Ihis  test 
method  (3016)  was  also  proposed  to  be  updated 
concerning  other  types  of  information. 

Military  Specifications  Revisions 

On  27  May  1971  MCAIR  received,  official, 
correspondence  from  the  Naval  Air  Systems 
Command  wherein  directives  were  being  given 
to  incorporate  the  following  dielectric 
test  procedures  into  Military  Specifications 
8138,  16878,  22759  and  81044.  The  annular 
impulse  and  wet  tank  test  will  be  deleted 
from  the  foregoing  specifications,  and 
replaced  by  an  impulse  bead  chain  test 
utilizing  a  voltage  of  1DKV.  This  replacement 
test  method  to  be  used  where  tank  test  at 
2.2KV  or  2.5KV  voltage  was  formerly  specified. 
In  addition,  test  method  3016,  revised  as 
follows  will  be  incorporated  in  these  specifi¬ 
cations  . 

Method  3016.  Dated  26  Mav  1971 
Impulse  Dielectric 

Scope 

This  test  is  to  be  used  for  dielectric 
proof  testing  of  insulation  on  unshielded 
and  unjacketed  wires  and  cables. 

Samples 

One  hundred  percent  of  the  wire  and 
cable  shall  be  subjected  to  this  test. 

Test  Jflpj-pmgnt. 

Hie  electrode  head  through  which  the 
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wire  is  passed  in  the  impulse  dielectric  test 
shall  be  as  shown  in  Figure  1  for  AWG  26-8  and 
Figure  2  for  AWG  6  and  larger.  The  equipment 
shall  meet  the  following  requirements. 

Impulse  Waveform  -  The  waveform  of  the 
voltage  applied  to  the  electrode  shall  consist 
of  a  negative  pulse  followed  by  a  damped 
oscillation.  The  negative  pulse  shall  have 
a  maximum  0-90#  rise-time  of  75  microseconds. 

The  pulse  repetition  rate  shall  be  between 
200  and  250  pulses  per  second,  inclusive. 

The  specified  voltage  shall  be  defined  as 
the  peak  magnitude  of  the  initial  negative 
pulse.  The  peak  magnitude  of  the  first 
positive  overshoot  and  each  of  the  following 
damped  oscillations  shall  be  smaller  in  mag¬ 
nitude  than  the  initial  negative  pulse.  The 
waveform  shall  be  analyzed  to  determine  how  much 
time  each  pulse  and  corresponding  damped 
oscillation  (both  positive  and  negative) 
remains  at  an  absolute  potential  of  80#  or 
greater  of  the  set  peak  voltage.  This  time 
duration  shall  be  20  to  100  microseconds. 

Voltmeter  -  A  voltmeter  indicating  the 
peak  value  of  the  initial  negative  pulse, 
connected  to  the  electrode  head,  shall  contin¬ 
ually  indicate  the  electrode  potential.  The 
full  scale  meter  reading  shall  be  no  greater 
than  25  KVp.  The  meter  accuracy  shall  be  such 
that  when  the  voltage  is  adjusted  to  the 
specified  value  per  the  instrument  voltmeter, 
the  actual  electrode  value  shall  be  within 
+5#  of  the  indicated  voltage.  The  meter  shall 
maintain  specified  accuracy  for  a  minimum 
period  of  at  least  one  month  after  calibration. 

Capacitive  Regulation  -  Ihe  output  voltage 
shall  decrease  no  more  than  12#  when  an  initial 
capacitive  load  of  25  picofarads  between 
electrode  and  instrument  ground  is  increased 
to  50  picofarads. 

Failure  Detection  Circuit  -  There  shall  be 
a  failure  detection  circuit  which  will  give  a 
visible  or  audible  indication  of  a  dielectric 
failure,  so  that  the  wire  can  be  stopped  and 
the  defective  portion  can  be  removed.  The 
fault  detection  circuit  shall  be  sufficiently 
sensitive  so  that  a  fault  is  indicated  at 
the  test  voltage  when  the  electrode  is  arced  to 
ground  through  a  20  kilohm  resistor.  The 
unit  shall  also  be  capable  of  detecting  a 
fault  which  lasts  for  the  duration  of  only 
one  impulse. 

Test  Procedure 

The  insulated  wire  shall  be  threaded 
through  the  electrode  head  and  all  conductors 
grounded  at  both  ends.  With  the  electrode 
head  energized  to  the  specified  voltage,  the 
wire  shall  pass  from  the  pay-off  spool, 
through  the  electrode  and  on  to  the  take-up 
spool.  The  voltage  shall  be  adjusted  with 
the  wire  or  cable  in  the  electrode. 


The  wire  or  cable  running  speed  shall 
be  between  25  and  650  feet  per  minute, 
inclusive.  If  any  dielectric  failures  occur 
they  must  be  cut  out  and  removed  along  with 
at  least  6  inches  of  wire  on  each  side  of  the 
fault.  The  equipment  shall  be  so  wired  as 
to  automatically  de-energize  the  high  voltage 
when  the  wire  is  stopped.  During  the  string-up 
of  a  new  length,  every  attempt  shall  be  made 
to  expose  the  entire  length  including  ends 
to  the  requested  voltage.  Any  ends  not 
tested  shall  be  clearly  marked  and  removed 
subsequent  to  this  test. 

Calibration  of  Voltmeter 

An  external  voltmeter,  capable  of 
indicating  the  peak  value  with  or  without 
auxiliary  circuitry,  shall  be  connected  to 
one  of  the  electrode  beads  directly  or  via 
a  calibrated  attenuator  circuit.  The  instru¬ 
ment  voltmeter  shall  be  checked  for  accuracy 
at  each  specified  voltage  that  the  equipment 
is  intended  to  operate  at.  An  alternate 
calibration  procedure  is  the  use  of  a  cali¬ 
brated  oscilloscope,  connected  to  the  bead 
electrode  via  a  suitable  attenuator.  The 
peak  magnitude  of  the  initial  negative 
pulse  may  then  be  read  directly  from  the 
waveform  display.  An  oscilloscope  will  be 
necessary  in  any  case  in  order  to  verify 
conformance  to  the  waveform  parameters  as 
specified  in  second  paragraph  under  11  Test 
Equipment" . 

Results 

One  hundred  percent  of  the  wire  or  cable 
on  the  take-up  spool  shall  have  been  submitted 
to  the  Impulse  Dielectric  test.  All  failures 
shall  have  been  removed. 

Conclusions 

With  attainment  of  revisions  to  these 
Military  Specifications  MCAIR  has  assessed 
total  results  of  the  program  and  reached 
the  following  conclusions: 

1.  With  establishment  of  a  single  specific 
type  of  dielectric  test,  made  mandatory  by 
Military  Specifications,  there  should  be 

a  universal  understanding  as  to  the 
degree  of  insulation  perfection  required 
relative  to  the  types  of  wire/cable  dis¬ 
cussed.  Wire  Processors  may,  consequently, 
refine  manufacturing  operations  to  the 
degree  necessary  to  correspond. 

2.  Wire  users  may  conduct  verification 
inspections/tests  to  the  extent  considered 
necessary,  and  with  satisfaction  that  in 
the  event  a  fault  is  detected  there  will 
be  no,  or  a  very  minimal  amount  of, 
controversy  concerning  the  testing,  tech¬ 
niques,  etc. 
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3.  Elimination  of  the  "Wet  Test"  as  a  Military 
Specification  requirement  should  produce 
quite  a  number  of  benefits.  Degradation 

of  insulation  due  to  testing  should  be 
greatly  reduced,  if  not  eliminated. 
(Repeated  tests  with  the  "Guinea  Pig" 
spool  attests  to  this  deduction.)  The 
phenomenon  of  "Water  Wi eking"  and  the 
results  should  be  minimized  or  nil.  The 
time  consuming  and  cumbersome  handling 
methods  required  to  "Wet  Test"  are  replaced 
by  much  more  efficient  and  economical 
handling  methods. 

4.  Although  MCAIR  and  Wire  Processors  suffered 
certain  labor  pains  during  the  gestation 
period  of  the  program,  the  offspring  is 

a  general  upgrading  of  products  which  will 
be  beneficial  to  aerospace  users  on  an 
industry-wide  basis. 

5.  MCAIR* s  wire/cable  testing  and  verification 
capabilities  have  been  greatly  enhanced, 
and  it  should  be  necessary  to  return  only 

a  very  limited  amount  of  wire  to  suppliers. 

6.  Customers  for  Aerospace  products  should 
reap  a  number  of  real  and  intangible 
benefits . 

7.  We  believe  that  in  evaluation  of  the 
results  obtained  through  this  program 
lies  the  answers  to  questions  posed  during 
the  conceptual  stages  of  the  program. 

It  should  be  understood  that  MCAIR  had 
no  intentions,  and  does  not  at  this  time  have 
intention,  of  becoming  an  Inspection/testing 
agency,  as  such,  for  these  products.  It  is 
rather  MCAIR* s  plans  to  increase  and/or 
decrease  inspection  and  testing  efforts  in 
these  respects  as  the  quality  of  products 
received  from  various  sources  dictates 
necessary. 

For  the  benefit  of  user  companies  which 
may  prefer  to  institute  a  program  comparable 
to  that  currently  in  use  at  MCAIR  it  should 
be  mentioned  that  the  cost  of  equipping  this 
type  of  operation  is  not  prohibitive  and  may 
in  some  instances  be  off-set  by  converting 
from  another  system. 
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Summary 

The  work  presented  herein  on  cut -through 
testing  presents  the  results  obtained  on  nine 
different  wire  insulations  with  a  controlled  test. 
The  controlled  test  includes  test  apparatus  which 
is  a  balanced  beam.  On  one  side  is  a  cutting 
tool  which  cuts  into  wire  placed  beneath  it  on  an 
height  adjustable  anvil.  NBS  Class  III  ring 
weights  are  placed  on  the  beam  over  the  cutting 
tool  to  supply  the  vertical  cutting  force.  The 
beam  is  cam  controlled  so  that  the  cutter  may  be 
placed  upon  the  wire  at  a  prescribed  reproducible 
speed.  The  wire  supports  the  cutting  tool  for 
one  hour.  The  insulation  between  the  cutting 
tool  and  conductor  is  then  tested  for  dielectric 
withstand  voltage.  Passing  the  withstand  test  is 
defined  as  pas  sing  cut -through . 

Background 

When  the  Strategic  Systems  Project  Office 
of  the  Department  of  the  Navy  first  instituted 
solderless  wrap  terminations  in  computer  systems1 , 
the  wire  specified  for  use  was  nylon  jacketed  FVC 
insulated  AWG  2k  tin-coated  solid  copper  wire. 

Of  prime  concern  was  the  ability  of  the  wire 
insulation  to  withstand  the  rigors  of  the  environ¬ 
ment  of  sharp  edged  wraposts.  The  wrapost  edge 
was  designed  so  as  to  indent  and  be  indented  by 
the  wire  in  effecting  the  solderless  wrapped 
termination.  The  insulation,  however,  was  not 
supposed  to  be  indented  by  wraposts  to  which  it 
was  not  connected.  It  had  to  be  tough  enough  to 
withstand  cutting  by  the  sharp  edge. 

When  smaller  grids  on  backpanels  became 
feasible,  smaller  wraposts  and  smaller  gage  wire 
were  also  used.  Also,  space  became  important 
with  the  advent  of  the  0.1  inch  grid  and  the  wire 
insulation  wall  thickness  had  to  be  reduced. 

Originally  the  AWG  2k  wire  had  a  total  insu¬ 
lation  wall  thickness  of  15  mils.  Now  we  specify 
7  mils  for  AWG  2k  wall  thickness.  Use  of  AWG  24 
wire  has  diminished  and  AWG  30  is  used.  The  wall 
thickness  for  AWG  30  wire  is  4.75  mils. 

Previously  we  had  been  blessed  by  a  heavy 
wall  of  one  of  the  toughest  insulation  types 
available.  By  1967  the  situation  had  changed. 
Nylon  jacketed  P7C  wire  with  4.75  mil  wall  with 
AWG  30  solid  conductor  is  difficult  to  make.  The 
difficulty  arose  in  the  tolerance  necessary  on 
the  finished  diameter  which  allowed  the  wire  to 


be  used  by  automated  solderless  wrap  termination 
machines.  Wire  Specification  WS-6ll8/l  specifies 
AWG  30  wire  as  0.0195  =•=  0.0015  inches  in  overall 
diameter. 

This  tolerance  of  ±  1.5  mils  brought  new 
headaches.  New  insulation  systems  were  developed 
to  meet  this  tolerance  but  no  previous  experience 
with  them,  even  with  stranded  conductors,  was 
available.  They  had  been  developed  for  this 
system,  and  this  system  had  to  evaluate  them. 

Not  only  did  we  have  to  find  out  heat  resist¬ 
ance,  cold  bend,  dielectric  breakdown  strength, 
ad  infinitum,  ad  nauseum;  now  we  had  to  find  out 
what  its  cut -through  ability  was. 

Problem?  You  bet.  How  do  you  test  for  cut- 
through?  What  is  cut -through?  Wire  insulation 
in  its  point-to-point  routing  on  a  back  panel 
comes  into  contact  with  wraposts  whose  edges  may 
cut  into  the  wire  insulation  if  the  wire  is 
pressed  against  the  edge  of  the  wrapost.  If, 
within  one  hour  after  manufacture,  such  a  wire 
shows  unwanted  continuity  to  a  wrapost  to  which 
it  is  not  deliberately  terminated,  the  insulation 
has  exhibited  "cut -through".  "Cut -through "  for 
the  purposes  of  testing  must  be  further  defined. 

In  testing,  a  "standard"  cutting  tool  was 
designed  with  a  90°  included  angle  to  simulate 
the  90°  corner  of  the  wrapost.  This  was  to  be 
pressed  under  static  load  into  the  wire  insulation. 
After  one  hour  a  dielectric  withstand  test  voltage 
would  be  applied  between  conductor  and  cutting 
edge.  If  the  dielectric  test  indicated  failure, 
the  specimen  had  failed  "cut -through".  Actually 
"cut -through"  occurs  at  the  load  which  in  one  hour 
causes  the  insulation  to  fail  in  the  dielectric 
withstand  test. 

Original  Cut -Through  Testing 

Originally  in  the  first  testing  a  number  of 
variables  were  considered  important.2;3  They 
were : 

a.  Insulation  type 

b.  Wall  thickness 

c.  Diameter  of  solid  conductor 
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a.  Sharpness  of  cutter 


e.  Load  (this  was  controlled) 

f.  Time  (this  was  held  constant  at  1  hr.) 

g.  Dielectric  withstand  voltage  level 

h.  Speed  of  applying  cutter  to  insulation 
In  that  testing  we  found : 

a.  there  was  a  difference  between  insula¬ 
tion  types 

b.  that  we  dicta* t  have  enough  data  to 
determine  what  effect  the  wall  thickness  had  on 
cut -through  results 

c.  that  we  did*t  have  enough  data  to  show 
what  effect  the  diameter  of  the  conductor  had  on 
cut -through  results 

d.  that  with  sharp  cutters  cut -through 
occurred  at  lower  loads  than  with  .003  inch 
radius  cutter 

e.  that  lower  test  voltages  usually  require 
increased  loads  to  obtain  cut -through 

f.  that  reduced  speed  in  applying  the  cutter 
to  the  insulation  results  in  increased  loads  to 
obtain  cut -through. 

The  original  goals  still  had  not  been  satis¬ 
fied.  We  did  not  know: 

a.  what  cutter  was  best 

b.  which  dielectric  test  was  best 

c.  what  loads  to  specify  for  each  insula¬ 
tion  type  and  AWG  size. 

The  methods  of  obtaining  data  up  to  this 
time  limited  the  types  of  analysis  which  could  be 
performed  in  that  statistical  tools  such  as  the 
MtM  test  and  AITOVA  could  not  be  applied  to  all 
the  data.  It  had  taken  three  years  to  find  out 
that,  for  the  most  part,  all  that  had  been  accom¬ 
plished  was  to  identify  which  parameters  to 
control.  This  in  itself  was  no  small  accomplish¬ 
ment  . 

Recent  Cut -Through  Testing 

The  variables  placed  under  control  for  the 
testing  reported  herein  are  as  follows : 

a.  Cutting  tool  held  at  0.003  ±  .0005  inch 
radius 

b.  Time  of  test,  1  hr. 

c.  Dielectric  withstand  test,  5 00  V  ac 
( some  also  run  at  2000  V  ac ) 

d.  Speed  of  applying  cutter  to  insulation 


(cam  rotation  1.0  r/min  max) 

e.  Insulation  wall  thickness,  only  wires 
meeting  finished  diameter  requirements  of 

WS -6ll8/l  were  used  (see  Table  i). 

f .  Diameter  of  conductor,  within  tolerance 
of  applicable  specification  (ASTM  B33  or  33298  as 
applicable ) . 

The  testing  involved  determining  cut -through 
on  nine  different  insulation  types  in  several 
AWG  sizes.  Several  lots  were  tested  in  five  of 
the  insulation  types  in  AWG  30  size.  The  cut- 
through  load  was  determined  in  the  following 
manner. 

Ten  specimens,  each  twelve  inches  long,  were 
selected  from  a  total  sample  length  of  twenty- 
five  feet.  These  were  placed  in  the  stations  of 
the  cut -through  tester.  Equal  weights  (NBS  ring 
type)  were  placed  upon  each  station.  The  cutter 
was  lowered  at  a  1  r/min  cam  rotation  until  the 
insulation  supported  the  cutter  and  load.  After 
one  hour  the  insulation  at  each  station  was  sub¬ 
jected  to  a  500  V  rms  test  voltage.  If  no  elec¬ 
trical  breakdown  was  found,  the  load  was  removed 
and  the  wire  positioned  to  provide  a  new  area  of 
test  on  the  same  specimens.  The  load  was  in¬ 
creased  by  100  grams  (g)  on  all  stations  and  the 
test  procedure  repeated  until  electrical  failure 
occurred  on  all  ten  stations.  Each  wire  type  and 
lot  was  so  tested.  In  addition  on  some  specimens, 
if  there  were  no  failure  at  5 00  V  ac ,  the  voltage 
was  increased  to  2000  V  ac  and  held  for  an  addi¬ 
tional  minute.  The  results  of  this  testing  is 
shown  in  Table  II,  'tester  Chart  of  Cut -Through 
Values  (g)M.  On  rows  where  nothing  appears,  no 
test  was  performed.  On  rows  where  ”  -  M  appears, 
the  value  was  above  hOOO  g  (A000  g  being  the 
maximum  weight  that  could  conveniently  be  placed 
on  the  test  station).  The  value  that  is  recorded 
is  the  load  in  grams  at  which  failure  first  occurs 
for  that  station. 


TABLE  I. 


FINISHED  WIRE  DIAMETER  (INCHES) 


Wire  size  AWG  Diameter 

30  0.0195  ±  -001 

28  0.0265  ±  -0015 

26  0.0295  ±  .0015 

2k  0.0345  ±  .0015 

22  0.039  ±  .002 

20  0.046  ±  .002 

18  0.054  ±  .003 
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Two  types  of  cutters  are  shown,  i.e.,  GE  and 
NAFI  (5  each).  Actually  these  cutters  were  made 
to  have  0.003  ±  .0005  inch  radius  cutting  edge. 

The  five  from  GE  are  made  from  tungsten  carbide, 
while  NAFI*s  are  of  tool  steel. 

Analysis  of  Results 

In  analyzing  the  data  there  appeared  to  he 
a  difference  in  load  between  stations  (compare 
columns  in  Table  II ).  On  AWG  30  wire  which  was 
tested  at  both  500  V  ac  and  2000  V  ac,  the  signi¬ 
ficance  in  difference  between  stations  was  deter¬ 
mined  by  paired  variate  "t"  test.  The  results  of 
these  "t"  tests  are  shown  in  Graph  I.  The  aver¬ 
age  load  shown  is  the  average  of  the  column.  If 
there  is  a  significant  difference  (10$  level  or 
less),  it  is  noted  by  "yes";  non-significance 
by  "no".  Also  shown  in  Graph  I  are  the  results 
of  paired  variate  "t"  tests  comparing  station  1 
at  500  V  ac  with  station  1  at  2000  V  ac  and  so 
forth.  These  are  the  "vertical"  comparisons 
shown  in  Graph  I.  These  results,  comparing  load 
at  500  Y  ac  with  load  at  2000  Y  ac  confirm 
results  obtained  previously3 .  Only  one  station 
(#6)  in  the  ten  shows  non -significance  in  the 
loads  at  500  Y  ac  and  2000  V  ac.  Notice  also 
the  difference  shown  in  NAFI  cutters  #9  and  #10 
compared  to  the  remaining  eight.  All  the  cutters 
were  removed  and  examined  by  shadow  graph  and  no 
difference  was  seen,  yet  the  data  say  there  is. 
Generally,  if  the  difference  is  over  60  g,  it  is 
significant;  if  below  60  g,  it  is  not  significant. 
Hence,  the  testing  could  probably  be  refined  by 
using  50  g  increments,  rather  than  100  g. 

There  seemed  to  be  an  increase  in  difference 
in  average  load  between  GE  and  NAFI  cutters  at 
500  V  ac.  Since  Graph  I  showed  significance 
between  some  which  were  tested  at  both  5 00  V  ac 
and  2000  V  ac,  and  since  more  data  were  available 
at  500  Y  ac,  a  new  series  of  paired  "t"  tests 
were  performed.  The  first  cutter  in  each  group, 
#1  and  #6,  were  considered  the  norm  for  that 
group  and  each  of  the  other  cutters  was  compared 
to  it  as  follows:  1  vs.  2,  1  vs.  3,  1  vs.  4, 
and  1  vs.  5;  6  vs.  7,  6  vs.  8,  6  vs.  3,  and 

6  vs.  10.  The  results  are  shown  in  Graph  II.  As 
in  the  analyses  shown  in  Graph  I,  if  the  differ¬ 
ence  is  above  60  g,  the  difference  is  significant; 
below  60  g,  it  is  not.  From  these  differences 
and  loads  listed  in  columns  #1  and  #6,  correc¬ 
tions  to  the  other  columns  were  made  to  eliminate 
the  cutter  variance.  The  corrected  data  are 
shown  in  Table  III. 

Using  the  corrected  data,  the  arithmetic 
average,  X,  and  standard  deviation,  a,  was  found 
for  each  insulation  type  and  also  according  to 
to  cutter  group  (GE  or  NAFI).  These  statistics 
are  shown  in  Table  IV.  From  the  values  of  X  and 
o,  the  difference  between  GE  and  NAFI  loads  ("t") 
was  computed.  When  the  difference  AX  is  plotted 
against  X  of  GE  data,  a  good  straight  line  fit 
is  obtained.  This  is  shown  in  Graph  III  (the 
data  of  insulation  (8)  not  being  used).  The  cor¬ 
relation  is  very  good.  This  clearly  shows  that 
the  heavier  the  load  necessary  to  cause  cut- 


through,  the  more  difference  will  be  shown 
between  GE  and  NAFI  cutters.  Notice,  that  this 
time, if  the  difference  is  above  50  g,  signifi¬ 
cance  is  shown.  This  agrees  well  with  the  pre¬ 
vious  paired  variate  "t"  tests. 

The  standard  deviation,  o,  also  increases 
with  increasing  load  in  both  GE  and  NAFI  cutters. 
The  average  load,  X,  was  plotted  against  stan¬ 
dard  deviation,  o,  and  is  shown  in  Graph  IY. 
Straight  line  correlation  is  very  good.  However, 
a  cannot  be  less  than  zero,  so  the  data  were  fit 
to  X  and  log  o.  This  is  shown  in  Graph  Y. 

Notice  that  the  correlation  coefficients  are 
both  about  0.93,  so  the  choice  of  which  to  use 
is  open.  For  the  sake  of  argument,  choose  the 
log  fit. 

In  Graph  III,  the  difference  in  load  between 
GE  and  NAFI  cutters  is  given  by: 

AX  =  0.16503  X  -  94.229 

In  Graph  Y,  the  standard  deviation  is  related  to 
the  average  cut -through,  X,  by: 

Log  a  =  0.0007722  X  +  1.13427 

Solving  the  two  equations  simultaneously  gives : 

Log  o  =  0.004679  AX  +  1.5752 

By  assuming  a  value  of  "t"  of  1.8  and  substitut¬ 
ing  values  of  a  and  AX  from  the  above  equation 
in  the  equation  for  "t"  and  solving  it  for  n 
(assuming  nx  =  and  a1  =  o2 )  then  estimates  of 
the  sample  size  necessary  to  show  significance 
between  GE  load  and  NAFI  load  are  obtained.  The 
significance  would  be  at  approximately  the  10$ 
level.  The  values  of  n  so  computed  are  shown 
in  Graph  VI.  From  this  then,  on  the  average, 
it  would  take  about  12  specimens  tested  on  GE 
tools  and  another  12  specimens  from  the  same  lot 
tested  on  NAFI  tools  to  statistically  show  a 
significant  difference  in  load  of  5°  S*  Keep 
in  mind  that  this  5°  g  is  a  difference  in  tools, 
not  in  wire  insulation. 

The  final  results  of  testing  AWG  30  wire 
insulations  are  shown  in  Graph  VII.  The  ordinate 
and  abscissa  are  both  load  in  grams,  therefore, 
the  averages  of  the  cut -through  loads  shown  lie 
on  the  line  Y  =  1.0  X  +0.  The  theoretical 
maximum  and  minimum  average  computed  according 
to  the  formulae  shown  on  Graph  V  are  shown  in 
the  "Y"  direction  as  are  by  the  individual 
statistical  ranges.  One  disparity  should  be 
kept  in  mind.  The  first  three  data  points  shown 
were,  obtained  on  only  one  sample  of  wire  each. 

The  remaining  represent  pooled  data  on  two  or 
more  different  samples  of  wire  within  each  group. 
Hence,  the  statistical  ranges  shown  on  the  first 
three  are  not  weighted  as  are  the  others.  This 
being  so,  the  limits  taken  from  Graph  V  may  not 
be  truly  representative  of  the  "real"  world.  It 
does,  however,  represent  the  data  presented 
herein. 
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One  of  the  purposes  of  this  testing  was  to 
determine  values  of  cut -through  to  he  used  as 
specification  values.  In  Table  II,  there  are 
only  six  of  the  insulation  types  tested  ih  AWG 
sizes  other  than  AWG  30.  And  in  these,  only  one 
other  size  was  available  for  testing.  This  is  a 
rather  meager  sampling.  But,  for  the  fun  of  it, 
some  curve  fitting  was  done .  All  of  the  data  of 
Table  II  in  these  sizes  and  types  were  used  to 
compute  the  average,  standard  deviation,  and 
statistical  limits.  These  statistics  are  shown 
in  Table  V.  The  difference  in  cut -through  load 
for  each  insulation  type  is  shown  plotted  against 
psi/g  factor2  in  Graph  VIII.  The  formulae  shown 
are  perfect  fits  for  the  four  data  points  ( O  )• 
The  extrapolated  points  (  B  )  can  vary  appreci¬ 
ably,  and  even  though  'perfect"  fits  were  ob¬ 
tained,  they  really  don*t  mean  much.  It  is  quite 
obvious  that  the  attempt  to  curve  fit  does  not 
allow  reasonable  values  of  cut -through  to  be  cal¬ 
culated  for  AWG  18,  20,  and  22  size  wire. 

Conclusions 

The  following  is  a  list  of  conclusions 
both  previously  made2.*3  and  supported  by  the  data 
herein : 


a.  Each  insulation  type  has  its  own  peculiar 
cut -through . 

b.  Differing  lots  of  wire  insulation  within 
one  type  can  differ  significantly  from  other  lots 
in  cut -through. 

c.  If  the  test  voltage  is  increased,  the 
load  for  cut -through  is  decreased. 

d.  Increasing  the  rate  of  speed  that  the 
cutter  comes  into  contact  with  the  insulation  will 
lower  the  load  for  cut -through. 

e.  The  sharper  the  cutting  tool  the  lower 
the  load  for  cut -through. 

f.  Standard  cut -through  tools  are  difficult 
to  make. 

g.  The  cutters  are  expensive  (about  $16.00 
each  ) . 

h.  Cut -through  testing  is  expensive  (about 
$80.00/sample ). 

i.  Cut -through  test  apparatus  is  expensive 
(about 

j .  Testing  is  incomplete  in  that  all  insula¬ 
tion  types  in  all  AWG  sizes  have  not  been  tested. 

k.  In  AWG  30  sizes  tested,  reasonable 
failure  criteria  cannot  be  statistically  deter¬ 
mined  . 

Most  of  the  above  conclusions  are  negative, 
however,  by  controlling  the  variables  positive 
conclusions  can  be  made. 


a.  Reasonable  mean  values  (arithmetic)  can 
be  established. 

b.  Practical  (non -statistical)  failure 
criteria  can  be  established. 

The  latter  two  conclusions  are  useful  only 
when  correlation  between  testing  laboratories 
has  been  accomplished. 
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1  ABLE  LV_  __ 

Statistics  of  Group  Data  CuT-Throus h  Loads, 
Corrected  Data t  AW6  3 O,  500  Vrms  Test 
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THERMAL  AGING  OF  TIN  COATED  COPPER  CONDUCTORS 


by 


D.  Larson,  G.  Busch,  and  J.  Burns 
Grumman  Aerospace  Corporation 
Bethpage,  New  York 


Introduction 

Tinned  copper  conductor  is  being  utilized 
on  contemporary  high  performance  aircraft, 
and,  in  some  areas,  is  being  used  in  an 
elevated  temperature  environment.  The 
maximum  projected  temperature  is  approx¬ 
imately  140°C  (i.e.,  70°C  ambient  temp, 
and  70°C  rise  due  to  resistance  heating) 
and  the  total  estimated  time  at  this 
maximum  temperature  is  1250  hours.  The 
maximum  use  temperature,  as  per  the 
military  specification,  is  150°C  for  this 
wire-coating-insulation  system. 

The  copper-tin  binary  phase  diagram  is 
shown  in  Figure  l(^) .  In  addition  to  the 
alpha  (  )  copper  and  the  beta  (  (3  ) 

tin  there  are  two  intermetallics  in  the 
temperature  range  of  concern,  that  is, 
eta  prime  (  Tj'  )  Cu^Sn^  and  epsilon  (£) 
Cu^Sn. 


Figure  j  *  Copper  -  Tin  Phase  Diagram 


In  contrast  to  silver  or  nickel  coated 
conductor,  which  is  manufactured  only  by 
an  electroplating  process,  tin  coated 
copper  may  be  fabricated  by  electro¬ 
deposition  or  by  hot  tin  dipping.  Such 
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a  hot  dip  process,  as  compared  to  an 
electrical  plating  process,  yields 
conductor  with  a  coating  of  copper /tin 
alloy  over  a  core  of  copper.  The  copper/ 
tin  alloy  is  progressively  richer  in  tin 
towards  the  outer  surface,  and  the  outer 
surface ,  and  the  outer  surface  is 
essentially  pure  tin.  The  total  coating 
of  70  microinches  normally  consists  of 
approximately  15%  alloy  (including  both 
intermetallics)  and  85%  tin.  All  hot  dip, 
tin  coated  conductor  is  received  in  this 
condition.  The  ratio  of  copper/tin  alloy 
to  essentially  pure  tin,  in  as  received, 
hot  tin  dipped,  insulated  wire,  can  vary 
as  a  result  of  the  relative  ’age'  of  the 
tin  bathj,  tin  bath  temperature  fluctu¬ 
ations,  time  in  the  tinning  bath,  and 
elevated  temperature  exposures  during 
post -tinning  treatment  or  during  the 
application  of  the  insulation.  The 
application  of  the  insulation,  wehther  it 
be  with  PVC  and  nylon  (MiL-W-5086) , 
polyalkene  and  kynar  (MiL-W-81044/2-15) 
or  polya Ikane-imide  (MiL-W-81044/16- 19) , 
involves  some  elevated  temperature 
exposure  in  the  diffusional  region.  The 
estimated  temperature  of  diffusional 
formation  of  each  intermetallic  is  shown 
in  Table  1  and  is  based  on  the  empirically 
determined  value  of  55%  of  the  absolute 
melting  point(2).  As  can  be  seen, 
will  continue  to  form  even  at  room 
temperature  (on  the  shelf)  and  could 
become  a  consideration  for  wire  which  has 
seen  a  long  shelf  life,  whereas  is  a 
consideration  only  for  wire  having  seen 

jAs  a  tin  bath  is  used,  it  picks  up 
copper;  late  in  its  lifetime,  it  might 
have  a  significant  copper  content. 
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an  elevated  temperature  exposure,  either 
in  fabrication  or  in  service.  Figure  2 
shows  the  variation  in  as  received  wire- 
coating  microstructure  along  one  small 
segment  of  wire.  This  micrograph 
emphasizes  the  variability  sometimes 
encountered  in  as  received  wire.  Figure 
3  illustrates  a  coating  microstructure 
that  is  badly  oxidized,  and  would 
indicate  that  in  part  of  its  processing, 
and  most  probably  in  the  hot  tinning 

TABLE  1 

Estimated  Temperature  at  Which 
and  Will  Form  by  Solid  State 
Diffusion^ 

INTERMETALLICL  CRITICAL  TEMPERATURE 
(Cuz-Snc)  2  C* 

(Cu^Sn;  106°C. 

operation,  the  coating  has  seen  a 
temperature  in  excess  of  280°C^  ' ,  with 
the  result  that  the  tin  has  1  burned’. 
This,  obviously,  is  an  undesirable 
coating.  Since  tin  melts  at  232°C  and 
the  copper-tin  eutectic  alloy  melts  at 
227°C,  then,  if  either  of  these  temper¬ 
atures  are  exceeded  it  is  quite  likely 
that  the  strands  of  a  multi  strand 
conductor  will  be  bonded  together.  This 
severely  reduces  flexibility  and  may 
adversely  affect  fatigue  performance W , 


Figure  2.  Micrograph  Showing  Variation 
in  AS  RECEIVED  Intermetallic  Content 

(1200X) 

-Estimated  critical  temperatures  for  other 
coated  copper  conductors  shown  in 
Appendix  1. 


Figure  3.  Oxidized  Tin  Coating  (400X) 


Electroplated  tin,  theoretically,  should 
show  no  intermetallics  at  the  tin-copper 
interface.  However,  as  indicated  in 
Table  1,  /('  will  form  at  room  temperature 
and  above  and  as  the  electrot inning 
baths  are  normally  heated  to  increase 
plating  efficiency,  this  product  too 
typically  demonstrates  both  intermetallics 
at  the  Cu-Sn  interface.  The  insulation 
process  is  a  constant  one,  so  that  the 
intermetallics  formed  in  this  operation 
occur  on  both  hot  dipped  tin  and  electro- 
tinned  wire. 

This  study  investigates  the  effect  of  the 
presence  and  amount  of  the  two  inter¬ 
metallic  compounds  on  typical  operational 
parameters  of  coated  copper  conductors 
to  determine  whether  service  life  is 
shortened. 

Experimental  Procedure 

Metallurgical  Investigation:  The 
techniques  selected  to  monitor  the 
metallurgical  changes  were  X-ray 
diffraction,  electron  microprobe,  and 
metallographic  analysis.  These  tech¬ 
niques  are  described  below : 

a.  X-Ray  Diffraction  Analysis:  The 
X-ray  diffraction  measurements  were  made 
on  a  Picker  theta-theta  diffractometer 
with  nickel  filtered  copper  radiation. 
Typical  power  settings  were  36  kV  and 
16  mA. 
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The  wire  samples  were  held  in  a  specimen 
holder  such  that  the  axis  of  rotation 
of  the  diffractometer  was  parallel  to 
the  axis  of  the  wire  and  coincident  with 
the  outermost  surface  of  the  wire. 

Every  effort  was  made  to  ensure  that  the 
X-ray  sampled  volume  was  constant  and 
any  measurable  differences  were  corrected 
by  normalizing  the  data  with  an  internal 
standard.  In  this  fashion,  the  data  may 
be  compared  on  a  relative  basis,  with  a 
high  degree  of  confidence,  but  no 
absolute  numbers  can  be  assumed.  In 
order  to  do  this,  an  external  standard 
must  be  used,  and  this  was  accomplished  by 
utilizing  the  metallographic  data  at  three 
time  intervals. 

b.  Electron  Microprobe  Analysis:  The 
electron  microprobe  studies  were  made 
using  the  beam  scanning  technique.  In 
this  operation,  an  electron  beam  is 
electromagnetically  deflected  across  the 
sample  in  both  the  x  and  y  directions. 
An  image  of  the  area  being  investigated 
is  simultaneously  generated  on  an 
oscilloscope.  The  signal  that  is  dis¬ 
played  is  generated  in  the  following 
manner: 

First:  Some  of  the  high  energy 

incident  electrons  are  backscattered , 
the  number  of  electrons  emitted  from 
any  sample  being  a  function  of  the 
average  atomic  number  of  the  area 
which  the  beam  strikes. 

Second:  The  electrons  that  are  captured 
by  the  object  being  investigated  pass 
through  it  and  are  registered  as 
sample  current.  The  amount  of  current 
that  will  pass  through  any  given 
portion  of  the  sample  is  a  function  of 
its  chemistry;  that  is,  the  greater 
the  conductivity,  the  higher  the 
sample  current.  The  image  generated 
by  this  method  will  indicate  areas  of 
different  chemistries. 

Third:  The  incident  electrons  striking 
the  sample  produce  X-rays  characteristic 
of  the  elements  present,  by  interacting 
with  the  electronic  structure  of  the 
individual  atoms.  The  spectrometer 
and  electronics  of  the  microprobe  are 
set  up  to  receive  the  radiation  from  a 
particular  element;  when  a  pulse  of 
this  radiation  is  received,  it  is 
displayed  as  a  point  of  light.  The 
higher  the  percentage  of  an  element  in 


an  area,  the  greater  the  number  of  dots 
and  the  closer  their  spacing. 

c .  Metallographic  Examination: 

Samples  removed  from  the  oven  were 
stripped  of  their  insulation  and  a  layer 
of  copper  was  electrolytically  deposited 
on  the  surface  of  the  samples  for  edge 
preservation.  The  samples  were  then 
mounted  and  polished  using  standard 
metallographic  techniques.  Examination 
of  the  samples  were  performed  with  a 
Reichert  metallograph  and  measurement  of 
the  thickness  of  any  intermetallic  phases 
and  the  free  tin  was  made.  Five  measure¬ 
ments  were  made  on  each  strand  and  at 
least  six  strands  were  examined  for  each 
time  period. 

Specimens  were  exposed  at  135,  150,  165 
and  215  ±  3°C  in  forced  ventilation  air 
ovens  that  provided  an  air  velocity  of 
100  -  200  feet  per  minute.  At  each 
exposure  temperature,  the  sampling 
periods  were  adjusted  to  yield  the 
greatest  number  of  data  points  when  the 
measured  properties  were  changing  most 
rapidly.  Only  limited  numbers  of 
samples  were  exposed  at  165  and  215°C  as 
the  primary  emphasis  was  on  the  150°  and 
135°C  temperatures  which  were  representa¬ 
tive  of  the  intended  usage.  The 
elevated  temperature  exposures  are 
tabulated  in  Table  2.  The  time  periods 
at  150  and  135°C  were  representative  of 
maximum  time  at  temperature  projections 
over  the  lifetime  of  the  system.  The 
165  and  215°C  exposures  were  done  for 
information  purposes  only  and  are  not 
representative  of  projected  usage. 

TABLE  2 

Elevated  Temperature  Exposure  Spectra 
Temp.  (°C)  Time  (Hrs.) 


135 

2500 

150 

2500 

165 

1750 

215 

150 

Electrical  and  Mechanical  Testing:  As 
intermetallic  compounds  are  hard, 
brittle,  and  have  poor  conductivity,  it 
was  necessary  to  determine  the  effect 
these  properties  might  have  on  electrical 
and  mechanical  performance.  Two 
situations  that  might  be  envisioned  are 
the  cracking  of  the  intermeta Hies  in 
service  or  on  crimping  and  the  break  up 
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and  penetration  of  the  intermeta Hies 
when  crimping  aged  wire(  4  )  .  The 
questions  that  had  to  be  answered  were 
whether  the  cracks  would  propagate  into 
the  copper  basis  metal  (Case  1)  and  cause 
a  serious  degradation  of  the  electrical 
and  mechanical  performance,  whether  the 
diffusional  reactions  would  seriously 
degrade  the  electrical  performance  of  the 
conductor,  or  whether  the  embedded 


fragments  (Case  2)  would  promote 
in  the  copper  matrix. 

TABLE  3 

cracking 

Tests 

Conducted  to  Characterize 
Mechanical  Behavior 

Electro 

Test 

No. 

Test 

AWG 

1. 

Conductor  Resistance 

14,  18 
and  22 

2. 

Flex/Contact 

Resistance, 

Crimped  Before 

Aging 

22 

3. 

Flex/Contact 

Resistance , 

Crimped  After 

Aging 

22 

4. 

Flex/Tensile  Force, 
Crimped  Before 

Aging 

22 

5. 

Flex/Tensile  Force, 
Crimped  After  Aging 

22 

6 . 

Repeated  Flex  Life, 
Crimped  Before  Aging 

22 

7. 

Repeated  Flex  Life, 
Crimped  After  Aging 

22 

To  determine  this,  a  series  of  seven 
electrical  and  mechanical  tests  were 
devised  and  these  are  listed  in  Table  3. 
The  test  methods  are  described  in 
Appendix  2  and  the  purpose  of  each  test 
is  treated,  fully,  in  the  following 
section . 

Experimental  Results  and  Discussion 

a.  Metallographic :  The  results  of  the 
metal lographic  studies  are  shown  in 
Figure  4.  The  results  indicate  that  the 
rate  of  formation  of  the  epsilon  (£)  is 
sensitive  to  the  variation  in  temperature 
from  150°  to  135°C  whereas  the  rate  of 
decline  of  the  free  tin  (|Q)  is  virtually 
the  same  at  both  temperatures.  This  would 
indicate  that  the  /3  /t^7  interface  is 
moving  at  about  the  same  rate  at  both 
temperatures,  whereas,  the  ft  front  is 


moving  at  a  slower  rate  at  135°  than  at 
150°C.  This  results  in  more  7(/  being 
formed  on  a  relative  basis  at  135°C  than 
at  150°C,  before  the  source  of  free  tin 
(  ^  )  is  exhausted  and  the  V(  becomes  the 
source  for  tin.  The  diffusional  end 
points  appear  to  be  quite  similar,  as 
might  be  anticipated,  however,  the  time 
sequence  in  reaching  these  endpoints  is 
somewhat  different  at  133°C  than  at  150°C. 

The  diffusional  sequence  at  165°  and  215°C 
occurs  more  rapidly  than  at  the  lower 
temperatures . 


Aging  Time  (  hrs .  ) 

Figure  Percentage  of  Phases  Present 
v ersus  A  g  i ng  T i me 


b.  Electrical  and  Mechanical:  The 
seven  electro-mechanical  tests  that  were 
conducted  (see  Table  3)  were  devised  in 
order  to  determine  the  changes  in 
conductor  performance  characteristics  at 
both  135°  and  150°C.  The  most  basic 
characteristic  is  conductor  resistance, 
and  this  was  the  first  test  conducted: 

1.  CONDUCTOR  RESISTANCE.  Conductor 
resistance  was  measured  at  150°,  135°, 
165°  and  215°C  for  time  periods  of  as 
long  as  2500  hours,  or  until  the 
performance  fluctuation  was  seen  to 
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Conductor  Res  *  stance  (il/lOGO*  ) 


stabilize.  These  results  are  shown  in 
Figure  5  for  22AWG  wire.  As  can  be  seen, 
the  resistance  increases,  in  all  cases,  to 
a  maximum  value  which  corresponds  to 
approximately  4 %  and  plateaus  at  this 
value  on  further  aging.  This  is 
consistant  with  the  metallographic  study 
in  that  they,  too,  indicated  a  constant 
end  point  with  only  the  time  to  reach 
this  point  varying.  These  data  document 
the  variation  of  reaction  rate  with 
temperature  for  a  constant  wire  size 
(tin/copper  ratio),  but  as  the  wire  size 
diminishes  the  ratio  of  tin/copper 
varies  (increases).  It  was,  therefore, 
decided  to  document  the  effect  of  tin/ 
copper  ratio  on  the  conductor  resistance 
at  both  135  and  150°C.  These  results  are 
shown  in  Figures  6  and  7  and  it  is  clear 
that  the  higher  the  tin/copper  ratio  the 
higher  the  percentage  increase  in 
resistance.  As  the  22  AWG  wire  is  the 
highest  tin/copper  ratio  in  our  system, 
this  may  be  considered  the  worst  case, 
and  this  increase  plateaus  at  close  to 
4%,  which  is  the  value  previously  shown 
in  Figure  5,  for  varying  temperatures. 


Figure  6.  Conductor  Resistance  vs. 
Aging  Time  at  13c  C# 


0) 


Figure  7.  Conductor  Resistance  vs. 
Aging  Time  at  1 c0  0. 
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2.  FLEX  CONTACT  RESISTANCE.  Flex  contact 
resistance  tests  were  conducted  to 
measure  the  effect  of  the  thermal  aging 
on  the  crimp  contact  resistance.  These 
were  conducted  at  both  135°  and  150°C 
with  contacts  assembled  both  before  and 
after  aging  (repair  simulation)  and  with 
and  without  wire  flexing.  These  data  are 
shown  in  Figures  8  and  9.  It  is  clear 
from  these  data  that  the  suspected  cracks 
in  the  intermetallic  layers  are  not 
seriously  disrupting  electrical  performance 
The  maximum  resistance  increase  was 
approximately  6.3%  for  contacts  assembled 
to  the  wire  after  aging  and  then  flexed. 
Although  this  increase  is  significant,  it 
is  by  no  means  .catastrophic,  and  may  be 
anticipated.  These  results  would  indicate 
that  although  cracks  may  exist  in  the 
intermetallics  due  to  flexing,  they  do  not 
propagate  into  the  conductor  and  disrupt 
electrical  transmission,  nor  do  any  inter¬ 
metallic  fragments  that  may  be  embedded 
in  the  copper  conductor  due  to  crimping 
threaten  the  integrity  of  the  conductor. 


o 


^\ging  Time  (hrs.) 

Figure  9.  Change  in  Flex  Contact:  Resist. 

versus  Aging  Time  at  150  C. 
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Aging  Time  (hrs.) 

Figure  9,  Flex  Contact  Resistance  vs. 
Aging  Time  at  135  0. 


Having  established  that  the  electrical 
integrity  would  be  maintained,  it  was  now 
necessary  to  determine  if  this  was  also 
true  of  the  mechanical  integrity.  Two 
tests  were  devised  to  evaluate  conductors 
exposed  to  both  135  and  150°C:  tensile 
force  required  to  fail  contacts  crimped 
both  before  and  after  aging  and  with  and 
without  flexing,  and  repeated  flex  life 
(to  failure)  for  contacts  crimped  both 
before  and  after  aging. 

3.  FLEX/TENSILE  FORCE.  As  can  be  seen 
from  Figure  10,  the  Flex/Tensile  Force 
for  contacts  crimped  before  aging  under¬ 
goes  a  significant  decrease  of  about  20%. 
This  drop,  however,  is  not  reflected  in 
the  contacts  crimped  after  aging  even 
though  they  had  seen  the  same  thermal 
lifetime.  This  behavior  appeared  to  be 
anomolous  since  the  decrease  was  initially 
attributed  to  the  diffusional  formation 
of  the  intermetallics.  However,  further 
investigation  revealed  that  the  decrease 
in  tensile  strength  for  crimped  and  then 
aged  contacts  resulted  from  the  relief  of 
the  worked  region  in  the  vicinity  of  the 
crimp  joint,  where  the  failure  always 
occurred.  The  flexing  had  an  insignificant 
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effect  on  these  results.  To  confirm  that 
this  effect  was  one  related  to  the  copper 
conductor  and  not  to  the  coating  system, 
samples  of  bare  copper  and  silver  coated 
copper  wire  tested.  These  results,  shown 
in  Figure  11,  depict  the  same  effect  for 
both  of  these  systems.  It  may  therefore 
be  concluded  that  this  is  an  effect 
inherent  to  the  copper  conductor  and  true 
for  all  other  copper  conductor  systems. 
The  reason  that  the  aged  and  then  crimped 
wire  remains  unaffected  is  that  the 
relieved  copper  conductor  is  reworked 
during  the  crimping  operation  and,  hence, 
retains  the  same  tensile  value. 


Figure  10.  Crimp  Tensile  Force  vs. 
the  Square  Root  of  Aging  Time . 


Figure  12.  Flex  Cycles  to  Failure  vs. 
the  Square  Root  Aging  Time 


4.  REPEATED  FLEX  LIFE.  It  was  felt 
that  although  it  had  been  demonstrated 
that  a  limited  number  of  flex  cycles 
caused  no  major  problems  with  regard  to 
electrical  transmission,  it  was  also 
necessary  to  demonstrate  the  same 
capability  from  a  strictly  mechanical 
standpoint.  These  data  are  presented  in 
Figure  12.  As  shown,  the  flex  lifetime 
for  contacts  crimped  before  aging 
increases  and  for  those  crimped  after 
aging  remains  essentially  constant. 

Once  again,  this  is  due  to  the  thermal 
relief  of  the  worked  microstructure  in 
the  case  of  the  crimped  and  aged  contacts 
and  is  a  result  of  the  rework  associated 
with  the  crimping  operation  for  the  aged 
and  then  crimped  samples. 

Conclusions 

1.  Conductor  resistance  slightly 
increased,  and  quite  consistently,  to  a 
limiting  value  which  decreased  with 
increasing  wire  size. 

2.  Contact  resistance  slightly  increased 
to  a  limiting  value  and  flexing  had 
little,  if  any,  effect  on  this  resistance. 
This  fully  simulated  normal  wire  aging, 
normal  aging  with  vibration  and  limited 
flexing,  aged  wire  repair  by  crimping, 
and  vibration  and  limited  flexing  of  a 
reworked  section.  The  increased  conductor 
resistance  accounted  for  almost  two  thirds 
of  the  measured  contact  resistance  increase. 

3.  Crimped  contact  tensile  force  decreased 
approximately  22%  for  crimped  and  aged 
contacts  but  the  decrease  was  found  to  be 
due  to  the  annealing  of  the  worked  copper 
conductor  and  had  no  relation  to  the  tin 
coating.  Silver  coated  conductor  and 

bare  copper  conductor  behaved  in  the  same 
fashion.  This  result  should  be 
incorporated  into  all  wire  system 
performance  projections,  where  the  copper 
will  experience  long  times  at  elevated 
temperatures.  Aged  and  then  crimped 
samples  demonstrated  no  change. 

4.  Repeated  flex  life  increased 
significantly  for  crimped  and  aged 
contacts  and  this  was  attributed  to  the 
same  thermal  relief  that  resulted  in  the 
tensile  decrease.  In  a  fatigue  or 
flexural  environment  this  is  decidedly 
advantage ous . 
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5.  Free  tin  was  almost  entirely  consumed 
after  approximately  400  hrs.  at  both 
135  and  150°C  and  the  solderability 
dropped  accordingly. 

6.  Little,  if  any,  oxidative  degradation 
of  the  tin  was  found. 

7.  Any  cracks  formed  in  the  intermetallic 
layers  were  invariably,  and  effectively, 
blunted  by  the  copper  conductor. 

8.  Intermetallic  fragments  embedded  in 
the  copper  conductor  did  not  propagatep 
cracks  in  the  copper  basis  metal. 
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APPENDIX  I 

Estimated  'Critical*  Temperatures  for  Solid  State 
Diffusion  in  Various  Coating-Conductor  Systems 


SYSTEM 

REACTION 

CRITICAL  TEMP.  (°C) 

Cu-Sn 

5Sn  +  6Cu  CUgSn^ 

2°C 

Cu-Sn 

Cu^Srij  +  9Cu  5Cu^Sn 

106  °C 

Cu-Ag 

Eutectic  (  Cu  +  Ag) 

305°C 

Ag-0 

4Ag  +  02  2  Ag20 

0 

00 

1 — 1 

1 

Ag-0 

2Ag20  4Ag  +  02 

190°  C 

Cu-0 

4Cu  +  02  2  Cu20 

463° 

Cu-Ni 

Eutectic  (  Cu  +  Ni) 

472° 
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APPENDIX  II 


Test  Methods 

1.  Conductor  Resistance  (Test  No.  1) 

A  Kelvin  Bridge  was  used  to  measure 

conductor  resistance  on  specimens 
consisting  of  50 -foot  lengths  of  wire, 
loosely  coiled.  The  insulation  was 
stripped  from  both  ends  of  each  specimen. 
At  each  test  interval,  specimens  were 
removed  from  the  oven  and  cooled  to  room 
temperature  before  resistance  measurements 
were  made.  The  same  specimens  were  then 
replaced  in  the  oven  for  further 
conditioning.  The  measured  values  were 
corrected  to  20C  using  an  £0  of  *00392. 
These  values  were  then  used  to  calculate 
ohms  per  1,000  feet. 

Measurements  were  made  on  three 
specimens  of  each  wire  size. 

2.  Flex/Contact  Resistance,  Crimped 
After  Aging  (Test  No.  2) 

The  contact  resistance  specimen 
consisted  of  a  6-inch  length  of  wire  with 
contacts  applied  at  both  ends.  A  Kelvin 
Bridge  was  used  to  measure  the  resistance 
between  the  positioning  shoulders  of  the 
two  contacts.  It  is  recognized  that  this 
measurement  includes  the  resistance  of 
the  6-inch  length  of  conductor  as  well 
as  the  contact  resistance  at  both  ends 
of  the  specimen.  Any  changes  in. contact 
resistance  that  are  masked  by  the 
resistance  of  such  a  short  length  of 
conductor  are  not  considered  to  be  of 
functional  importance. 

Contacts  were  applied  before 
specimens  were  placed  in  the  oven. 
Resistance  was  measured  on  each  specimen 
before  aging,  after  aging,  and  after 
flexing.  All  measurements  were  made  at 
room  temperature,  and  the  measured  values 
were  corrected  to  20C  using  an  2o 
.00392.  Flexing  consisted  of  four  flex 
cycles,  using  a  45-degree  deflection  in 
both  directions,  with  a  tension  load  of 
0.5  pounds  and  a  flex  rate  of  60  flexes 
per  minute.  Both  contacts  on  each 
specimen  were  flexed  and  all  measurements 
were  made  on  three  specimens. 

3.  Flex/Contact  Resistance,  Crimped 
After  Aging  (Test  No.  3) 

The  procedures  for  this  test  were  the 
same  as  those  for  Test  No.  2  except  that 


contacts  were  applied  after  the  wire  was 
conditioned.  Specimens  were  cut  from 
loose  coils  of  wire  that  were  aged  at  the 
prescribed  temperatures. 

4.  Flex/Tensile  Force,  Crimped  Before 
Aging  (Test  No.  4) 

Tensile  force  measurements  were  made 
on  the  specimens  used  for  Test  No.  2. 

The  tensile  test  was  performed  with  an 
Instron  Tensile  Testing  Machine  using  a 
constant  jaw  strain  rate  of  1-inch  per 
minute.  At  each  test  interval,  one  set 
of  three  specimens  was  tested  without 
flexing  and  another  set  of  three 
specimens  was  tested  after  the  flexing 
described  in  2. 

5.  Flex/Tensile  Force,  Crimped  After 
Aging  (Test  No.  5) 

The  procedures  for  this  test  were  the 
same  as  those  for  Test  No.  4  except  that 
contacts  were  applied  after  the  wire  had 
been  aged.  The  measurements  were  made  on 
the  specimens  used  for  Test  No.  3. 

6.  Repeated  Flex  Life,  Crimped  Before 
Aging  (Test  No.  6) 

The  repeated  flex  life  specimen  was 
a  10 -inch  length  of  wire  with  a  contact 
applied  at  one  end.  Using  a  45-degree 
deflection  in  both  directions  and  a  0.5- 
pound  tension  load,  the  specimen  was 
flexed  at  a  rate  of  60  flexes  per  minute 
until  all  strands  were  broken.  At  each 
test  interval,  measurements  were  made  on 
three  specimens. 

7 .  Repeated  Flex  Life,  Crimped  After 
Aging  (Test  No.  7) 

The  procedure  for  this  test  was  the 
same  as  that  for  Test  No.  6,  except  that 
the  contact  was  applied  after  the  wire 
had  been  aged. 
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Because  of  the  growing  need  for  in¬ 
sulation  materials  having  improved  flame 
resistance,  General  Electric  has  investi¬ 
gated  many  approaches  for  developing  new 
insulations  with  superior  flame-retardant 
properties.  This  undertaking  resulted  in 
the  development  of  a  versatile  new  chemi¬ 
cally  cross-linked  PVC  cable  insulation, 
called  FLAMENOL XL .  This  material  is  an 
example  of  a  new  technology  and  it  offers 
a  combination  of  properties  that  is  unique 
in  the  cable  field  today.  It  has  allowed 
us  to  successfully  introduce  a  new  prod¬ 
uct  in  an  old  established  industrial  mar¬ 
ket  -  the  wiring  of  locomotives  and  rail 
cars .  In  the  future  we  hope  to  introduce 
a  family  of  chemically  cross-linked  PVC 
insulations  for  other  wire  and  cable 
applications . 

Up  to  the  present  time,  the  long¬ 
standing  practice  to  obtain  vertical 
flame  retardance  for  general-purpose 
thermo-setting  cables  has  been  to  apply  a 
flame-resistant  material  as  a  separate 
covering,  such  as  an  extruded  jacket  or 
braid,  over  a  layer  of  conventional  rub¬ 
ber  insulation.  For  example,  since  its 
development  in  the  late  1930's,  neoprene 
has  been  widely  used  as  a  jacket  to  im¬ 
part  flame  resistance  to  thermosetting 
cables.  More  recently,  chlorosulfonated 
polyethylene  has  been  used  as  a  jacket 
material  over  ethylene-propylene  rubber 
insulation.  The  primary  disadvantages  of 
applying  the  flame  and  oil  flame-  and 
oil-resistant  materials  as  a  jacket  is 
that  only  a  thin  layer  covers  a  relative¬ 
ly  heavy  wall  of  the  rubber  insulation 
and,  secondly,  the  two  layers  together 
are  larger  in  diameter  and  higher  in  cost 
than  might  be  obtained  with  a  single 
layer  of  a  flame -retardant  insulation 
having  suitable  electrical  properties  and 
mechanical  toughness.  Other  approaches 
include  a  single-layer  insulation  of 
chlorosulfonated  polyethylene  which  re¬ 
quires  a  heavier  wall  thickness,  irradi¬ 
ated  cross-linked  PVC  which  previously 
has  been  discussed  at  this  symposium,  and 
flame-resistant  cross-linked  polyethylene 
insulations  which  generally  do  not  ex¬ 
hibit  the  desired  resistance  to  immersion 
in  oil  and  fuels  at  elevated  temperatures. 

For  our  development  work ,  PVC  was  a 
logical  candidate  material  to  fill  re¬ 
quirements  for  resistance  to  flames  and 
oils  and  to  provide  mechanical  toughness 
in  thin  walls.  PVC  has  a  versatile  com¬ 
bination  of  properties ,  including  excel¬ 


lent  resistance  to  general  environmental 
conditions  and  mechanical  damage,  suit¬ 
able  electrical  properties  for  lower 
voltage  applications ,  and  economical  ma¬ 
terial  and  processing  costs.  In  fact, 
the  usage  of  PVC  resin  continues  to  grow 
rapidly  and  over  400  million  pounds  a 
year  are  used  for  extruded  wire  and  cable 
applications  alone.  However,  convention¬ 
al  thermoplastic  PVC  compositions  are  not 
suitable  for  many  important  cable  appli¬ 
cations  because  of  deformation  and  flow 
at  elevated  temperatures,  which  occur 
under  conditions  of  current  overloading, 
short  circuits,  or  high  ambient  tempera¬ 
tures  . 

I  want  to  tell  you  about  the  program 
we  undertook  in  General  Electric,  both  at 
the  Research  and  Development  Center  and 
within  the  Wire  and  Cable  Department,  to 
cross-link  PVC  compositions  to  overcome 
flow  and  deformation  at  elevated  tempera¬ 
tures,  thereby  obtaining  a  physically 
tough  thermosetting  product.  Faced  with 
the  challenge  of  developing  a  suitable 
method  for  cross-linking  PVC  insulations, 
we  explored  many  avenues  to  obtain  a  ma¬ 
terial  that  would  fulfill  the  wide  range 
of  performance  requirements  needed  for 
rugged  cable  applications. 

Early  work  was  done  to  cross-link  PVC 
compositions  containing  polymerizable 
monomers  with  high  energy  radiation  to 
form  a  cross-linked  network.  A. A. 

Miller (D  at  the  Research  and  Development 
Center  published  the  findings  of  this 
work  in  INDUSTRIAL  AND  ENGINEERING 
CHEMISTRY  in  October,  1959.  This  approach 
was  not  selected  to  fill  general-purpose 
applications  because  the  irradiation 
process  was  limited  to  smaller  wall 
thicknesses  and  these  irradiation  cross- 
linked  materials  with  plasticizers  and 
monomers  were  inherently  stiffer  and 
less  flexible,  especially  at  lower  temp¬ 
eratures  . 

Another  approach  investigated  was  to 
cross-link  PVC  by  chemical  means.  The 
first  chemical  cross-linking  was  achieved 
using  metal  halide  reagents.  In  Septem¬ 
ber,  1965,  M.M.  Safford(2)  <4)  re¬ 
ceived  a  series  of  U.S.  patents  for  cur¬ 
ing  PVC  with  chlorides  of  tin,  cobalt  and 
platinum.  The  feasibility  of  cross- 
linking  PVC  by  chemical  means  was  estab¬ 
lished  and  work  continued.  In  1967,  a 
U.S.  patent (5)  was  issued  to  F.F.  Holub 
of  General  Electric  for  curing  PVC  prod¬ 
ucts  using  trioctyl  trimellitates  and 
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triallyl  cyanurate  in  conjunction  with 
organic  peroxides.  Other  investigations 
covered  chemical  cross-linking  of  blends 
of  PVC  with  other  polymers,  such  as  poly¬ 
ethylene  ,  ethylene-ethyl  acrylate  copoly¬ 
mers  ,  chlorinated  polyethylene ,  ethylene- 
propylene  elastomers,  and  others. 

In  the  Laboratories  of  the  Wire  and 
Cable  Department,  we  evaluated  all  ap¬ 
proaches  very  carefully  and  carried  on 
extensive  research  and  development  work 
to  extend  our  knowledge  in  this  field 
and  to  develop  practical  compounding  and 
processing  technologies.  Based  on  a 
broad  background,  a  cross-linked  PVC  ma¬ 
terial  was  selected  which  met  the  tar¬ 
geted  property  requirements.  The  new  in¬ 
sulation  was  called  FLAMENOL  XL.  With 
this  material,  a  product  line  of  single¬ 
wall  cables  having  excellent  resistance 
to  flame,  oil,  and  mechanical  damage  and 
having  superior  electrical  properties  was 
designed  for  the  specific  application  of 
diesel  locomotive  and  rail  car  wiring. 

Let  us  look  at  the  unique  combination  of 
properties  of  FLAMENOL  XL  insulation  and 
the  performance  characteristics  of  the 
new  cable. 

Cable  Product  Description 

In  Figure  1,  General  Electrics  new 
single-conductor  FLAMENOL  XL  locomotive 
and  car  cables  are  rated  600  and  2,000 
volts  and  have  a  conductor  temperature 
rating  of  90  °C.  The  cables  are  intended 
for  service  in  both  ac  and  dc  circuits 
and  are  available  with  flexible  stranded 
conductors.  The  FLAMENOL  XL  product  line 
covers  a  complete  range  of  sizes  from 
No.  16  AWG  through  111  million  circular 
mils.  The  locomotive  cable  line  is  com¬ 
mercially  available  today. 

Diameter  and  Weight 

Figure  2  shows  a  comparison  of  the 
design  of  the  FLAMENOL  XL  cable  to 
rubber-neoprene  and  chlorosulfonated 
polyethylene  insulated  cables.  The  three 
cables  are  size  No.  14  AWG  rated  600 
volts.  This  is  the  size  of  the  cables 
on  which  all  of  the  data  will  be  shown 
throughout  the  remainder  of  the  discus¬ 
sion.  The  rubber-neoprene  cable  requires 
a  47-mil  wall  of  rubber  insulation  plus 
a  16-mil  overall  jacket  of  neoprene  for 
flame,  oil,  and  mechanical  protection. 
Chlorosulfonated  polyethylene  requires  a 
single  wall  having  47-mil  thickness.  The 
FLAMENOL  XL  cable  has  a  single  wall  with 
30-mil  thickness.  For  example,  the  over¬ 
all  size  and  weight  of  the  rubber- 
neoprene  cable  are  150%  compared  to 
FLAMENOL  XL  cable.  The  combination  of 
properties  of  the  FLAMENOL  XL  insulation 
makes  possible  this  significant  reduc¬ 
tion  in  wall  thickness  and  cable  diameter 
which  is  extremely  important  in  loco¬ 
motives  and  cars  where  cable  channels 


and  control  compartments  are  very  crowded 
and  space  is  at  a  premium. 

Physical  Properties 

In  Figure  3,  let  us  take  a  brief  look 
at  physical  properties.  Because  of  its 
two-layer  construction,  it  is  not  practi¬ 
cal  to  show  physical  property  values  for 
the  rubber-neoprene  cable.  However,  com¬ 
parison  of  performance  of  complete  cables 
will  be  shown  for  mechanical  properties, 
before  and  after  oil  immersion,  and  de¬ 
formation  resistance.  The  oven  aging 
values  for  the  chlorosulfonated  poly¬ 
ethylene  and  FLAMENOL  XL  insulations  are 
very  satisfactory.  These  two  cables, 
when  aged  in  a  circulating  air  oven  at 
140-145  °C  for  5  days  showed  no  cracks 
in  the  insulation  after  wrapping  around  a 
mandrel  having  twice  the  diameter  of  the 
cables . 

Continuing  on  Figure  4 ,  the  retention 
of  tensile  and  elongation  properties 
after  immersion  in  ASTM  No.  2  oil  for  18 
hours  at  121  °C  and  in  diesel  fuel  for  7 
days  at  70  °C  is  very  satisfactory.  The 
diesel  fuel  immersion  test  is  considered 
to  be  very  severe. 

Mechanical  Properties 

Figure  5  shows  the  results  of  crush¬ 
ing  tests  between  two  flat  plates.  The 
results  are  expressed  in  terms  of  pounds 
force  required  to  produce  electrical 
failure  of  the  insulation  between  con¬ 
ductor  and  ground.  Results  of  the  same 
test  are  shown  after  immersion  of  the 
cables  in  diesel  fuel  for  7  days  at 
70  °C.  The  FLAMENOL  XL  insulation  with 
the  smallest  wall  thickness  shows  super¬ 
ior  resistance  to  crushing.  Also,  the 
same  relative  results  were  found  when  the 
crushing  was  conducted  against  a  3/4-inch 
round  steel  mandrel,  both  before  and 
after  immersion  in  the  diesel  fuel. 

In  Figure  6 ,  the  FLAMENOL  XL  insula¬ 
tion  shows  significantly  superior  resis¬ 
tance  to  scrape  abrasion  by  a  sharp  re¬ 
ciprocating  plunger  under  3  pounds'  load, 
both  before  and  after  immersion  in  hot 
diesel  fuel. 

In  the  test  for  penetration  resist¬ 
ance  shown  in  Figure  7,  a  40-mil  diameter 
steel  wire  is  impressed  into  the  insula¬ 
tion  wall  of  the  size  14  AWG  cable  under 
a  load  of  5  lbs.  The  FLAMENOL  XL  insula¬ 
tion  shows  less  penetration  under  pres¬ 
sure  than  the  other  two  insulations. 

To  summarize  mechanical  properties, 
the  FLAMENOL  XL  insulation  with  reduced 
wall  thickness  is  more  resistant  to 
mechanical  damage  than  the  heavier  wall 
types.  The  inherent  mechanical  toughness 
of  the  cross-linked  PVC  insulation  justi¬ 
fies  the  reduction  in  wall  thickness  and 
makes  the  new  insulation  ideally  suited 
to  resist  mechanical  damage  and  exposure 
to  hot  oils  and  fuels  that  may  be 
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encountered  in  the  rugged  applications 
for  diesel  locomotive  and  rail  car  wir¬ 
ing. 

Flexibility  Over  a  Range  of  Temperatures 

Figure  8  shows  the- relative"  torsional 
stiffness  of  slabs  of  representative  in¬ 
sulation  materials  as  measured  on  the 
Clash-Berg  apparatus.  The  flexibility  of 
a  cable  insulation  should  be  examined  not 
only  at  room  temperature ,  but  also  at  low 
temperatures  that  may  be  encountered  in 
service . 

The  logarithmic  chart  shows  that 
FLAMENOL  XL  insulation  is  somewhat  stif- 
fer  than  the  other  insulations  at  normal 
temperatures  in  the  range  of  20  °C 
(68  °F) ,  but  it  does  not  stiffen  as 
rapidly  as  the  others  at  lower  tempera¬ 
tures.  For  example,  at  temperatures 
below  minus  5  °C,  the  chlorosulfonated 
polyethylene  is  stiffer  than  FLAMENOL  XL. 
The  important  thing  to  note  is  that,  in 
respect  to  actual  bending  of  cables ,  all 
three  materials  will  pass  cold  bending 
without  cracking  the  insulation.  Cold 
bending  at  minus  40  °C  is  satisfactory 
for  the  application. 

Ozone  Resistance 

.FLAMENOL  XL  and  chlorosulfonated  poly¬ 
ethylene  insulations  have  outstanding 
resistance  to  ozone  attack.  To  illus¬ 
trate  this ,  tests  were  conducted  in  an 
extremely  high  concentration  of  ozone  at 
0.03%  cone.  (30,000  parts  per  hundred 
million)  at  room  temperature  for  24 
hours .  The  cables  were  bent  around  man¬ 
drels  equal  to  the  wire  diameter.  This 
is  a  very  severe  test  where  only  the  most 
ozone  resistant  materials  withstand  ex¬ 
posure  without  degradation.  The  FLAMENOL 
XL  and  chlorosulfonated  polyethyelene 
insulations  showed  no  cracking. 

Degree  of  Cross-Linking  and  Deformation 
Resistance 

The  degree  of  cross-linking  is  most 
specifically  represented  by  the  fraction 
of  the  total  polymer  that  is  insoluble  in 
a  suitable  hot  solvent.  For  polar  poly¬ 
mers,  such  as  PVC ,  tetrahydrofuran  (THF) 
refluxing  at  its  boiling  point  of  approx¬ 
imately  66  °C  will  completely  dissolve  or 
extract  PVC  resin.  When  effective  cross- 
linking  takes  place,  the  majority  of  the 
polymer  becomes  insoluble  and  is  not  ex¬ 
tractable  in  the  hot  solvent. 

In  Figure  9 ,  the  results  of  extraction 
of  two  samples  having  a  variation  in  com¬ 
position  are  shown.  The  tests  were 
carried  out  with  finely  ground  specimens 
placed  in  syphoning  extraction  cups  and 
immersed  at  the  refluxing  temperature  in 
fresh  solvent  condensing  from  the  reflux¬ 
ing  coils.  Each  extraction  step  was  car¬ 
ried  out  for  8  hours  and  then  the  speci¬ 
mens  were  dried  and  weighed.  This  ex¬ 


traction  step  was  repeated  3  times  for  a 
total  of  32  hours’  extraction.  Note  that 
these  results  show  no  significant  change 
in  the  extraction  after  the  initial  16 
hours'  period.  This  is  indicative  that  a 
high  degree  of  cross-linking  of  the  in¬ 
sulation  has  taken  place. 

The  extraction  procedure  was  repeated 
on  the  same  samples  by  a  different  pro¬ 
cedure  consisting  of  direct  immersion  of 
the  specimens  into  the  boiling  solvent 
and  again  a  consistent  gel  content  was 
obtained  after  16  hours. 

Another  index  of  cross-linking  that 
may  be  used  is  the  100%  modulus  values 
measured  at  the  elevated  temperature  of. 
150  °C.  The  significance  of  this  test  is 
that  a  material  that  is  not  cross-linked 
would  be  expected  to  have  negligible  at 
this  elevated  temperature  and,  hence, 
have  an  insignificant,  low  hot-modulus 
value.  FLAMENOL  XL  insulation  has  a 
relatively  high  hot-modulus  value 
measured  at  150  °C,  which  is  typically 
about  150  psi. 

The  resistance  to  deformation  of  the 
insulations  on  size  14  AWG  cables  is 
shown  in  Figure  10.  The  temperature  is 
150  °Cf  and  the  weight  is  2,000  grams, 
which  is  more  severe  than  the  conditions 
of  conventional  wire  deformation  testing 
which  is  generally  carried  out  at  121  °C 
with  a  weight  of  500  grams.  The  resist¬ 
ance  to  deformation  at  elevated  tempera¬ 
tures  under  load  is  excellent.  FLAMENOL 
XL  insulation  compares  favorably  with 
these  other  thermoset  insulations  which 
are  well  known  for  their  characteristi¬ 
cally  high  degree  of  cross-linking. 

To  summarize,  the  fact  that  no  signi¬ 
ficant  extraction  takes  place  upon  re¬ 
peated  immersions  in  hot  solvent  indicate 
that  PVC  is  intimately  cross-linked  in 
the  composition.  The  results  of  hot 
modulus  and  deformation  testing  at  ele¬ 
vated  temperatures  confirm  the  thermo¬ 
setting  characteristics  of  the  cross- 
linked  PVC  composition. 

Flame  Resistance 

FLAMENOL  XL  insulated  cables  pass 
Underwriters'  Laboratories  vertical  flame 
test  requirements.  In  addition,  there  is 
no  "dripping"  of  flaming  particles  and  no 
ignition  of  dry  surgical  cotton  when 
placed  under  the  flame  test  apparatus. 

The  bonfire  resistance  of  cables  in 
vertical  trays  has  been  tested  and  found 
to  be  excellent.  The  new  cables  have 
very  satisfactory  resistance  to  flame  and 
fire . 

Electrical  Properties 

FLAMENOL  XL  insulated  cables  have  ex¬ 
cellent  electrical  characteristics  for 
lower  voltage  ac  and  dc  applications , 
such  as  locomotive  and  rail  car  wiring. 
The  insulation  shows  high  voltage  break- 
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down  strength  and  cables  are  subjected 
to  high  potential  testing  to  the  stand¬ 
ards  established  for  thin-wall  cross- 
linked  polyethylene ,  which  are  the  most 
stringent  standards  for  cables  in  these 
voltage  ranges.  The  insulation  resist¬ 
ance  of  the  FLAMENOL  XL  insulation  is 
high  and  the  insulation  resistance  cons¬ 
tant  (K)  measured  at  15.6  °C  is  typically 
in  the  range  of  30,000.  However,  it  is 
well  known  that  conditions  of  elevated 
temperature  and  exposure  to  water  tend  to 
cause  changes  in  electrical  properties 
after  prolonged  periods  of  time.  There¬ 
fore  ,  in  addition  to  the  absolute  values 
of  electrical  properties ,  it  is  import¬ 
ant  to  consider  the  stability  of  electri¬ 
cal  properties  under  stress. 

Figure  11  shows  the  results  of  testing 
dielectric  constant  and  power  factor  of 
size  14  AWG  cables  in  water  at  75  °C  with 
600  volts  ac  applied  continuously  during 
immersion  for  periods  of  1 ,  7  and  14 
days.  The  FLAMENOL  XL  insulation  has  a 
lower  value  for  dielectric  constant  SIC 
measured  at  one  day  compared  to  chloro- 
sulfonated  polyethylene.  Stability  of 
the  dielectric  constant  (%  change  in  SIC 
from  1-14  and  7-14  days)  is  excellent. 

The  stability  factor,  which  is  the  dif¬ 
ference  between  the  power  factor  at  40 
and  80  volts/mil  measured  at  14  days, 
also  is  excellent.  These  values  are  in¬ 
dicative  of  a  high  degree  of  stability 
for  the  electrical  properties  of  the 
FLAMENOL  XL  insulation  when  exposed  to 
water  at  elevated  temperature  under 
voltage  stress  for  prolonged  periods  of 
time . 

Figure  12  shows  the  results  of  meas¬ 
urements  of  insulation  resistance  in 
water  at  75  °C  with  600  volts  ac  applied 
continuously  for  52  weeks.  FLAMENOL  XL 
insulation  with  the  thinnest  wall  shows 
superior  insulation  resistance  values 
compared  to  rubber-neoprene  and  chloro- 
sulfonated  polyethylene  insulations. 

Figure  13  shows  the  results  of  testing 
to  determine  the  suitability  of  insula¬ 
tions  for  use  on  dc  circuits  in  wet  lo¬ 
cations.  This  test  is  an  electrical 
method  for  evaluating  the  stability  of 
electrical  properties  in  water  at  50  °C 
with  600  volts  dc  applied  negative  to 
the  conductor.  This  test  is  extremely 
stringent  for  polar  insulating  materials. 

In  this  figure,  the  values  for  the 
dielectric  constant  are  plotted  for  52 
weeks.  In  addition,  an  ac  high  potential 
of  5  kV  was  applied  for  5  minutes  to  all 
samples  without  regard  for  wall  thickness 
at  two-week  intervals  throughout  the 
duration  of  the  test.  Duration  of  the 
test  normally  is  specified  to  be  16 
weeks.  Rubber-neoprene  and  chlorosulfo- 
nated  polyethylene  insulations  tested 
failed  the  hipot  test  in  less  than  16 


weeks.  The  FLAMENOL  XL  insulation  with 
30-mil  wall  thickness  showed  stability  of 
the  dielectric  constant  throughout  52 
weeks . 

To  summarize  electrical  properties, 
the  FLAMENOL  XL  insulation  with  the  thin¬ 
nest  wall  shows  a  high  degree  of  stabili¬ 
ty  of  electrical  properties  in  water  at 
elevated  temperatures  under  both  condi¬ 
tions  of  ac  and  dc  voltage  applied  con¬ 
tinuously  during  immersion. 

Conclusions 

Figure  14  shows  an  overall  property 
comparison  of  the  insulations  evaluated. 
The  combination  of  properties  of  the  new 
FLAMENOL  XL  insulation  surpasses  the 
other  materials.  Excellent  resistance  to 
flame  and  oil  and  mechanical  toughness 
and  electrical  properties  make  possible 
design  of  new  cables  having  a  single 
layer  of  insulation  material  with  thinner 
walls  and  smaller  size. 

The  new  FLAMENOL  XL  cables  designed 
for  600-  and  2,000-volt  service  for  loco¬ 
motive  and  rail  car  wiring  are  ideally 
suited  to  meet  rigorous  application  re¬ 
quirements  .  It  is  expected  that  new 
chemically  cross-linked  PVC  insulations 
will  find  additional  cable  applications 
in  the  future. 
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FLAMENOL®  XL  LOCOMOTIVE  ANP  OAR  CABLES 


2000  V 

1325  STRANDS 
OP  NO.  24  AWS 

5?f  MCM 


2000V  2000V 

450  5T2ANPS  150  STRANDS 

OP  NO.  24  AWO  OP  NO.  24  AWG 

000  AWO  2  AWS 

Fig.  i 


600V 

19  STRANDS 
OP  N0.27AW0 

14AWS 


DIAMETERS  . . .  WEIGHTS 


600 -V  NO.  14  AWS  CABLES 


RUBBER 

NEOPRENE 

///"% 


CHLOROSOLFONATED 
POLYETHYLENE  FLAMENOL  XL. 


INSULATION  miLUNCUSS! 
JACKET  WALL  (/WMKV 
MAX.  DIAMETER  (INCHES) 
INDEX 

FLAMENOL  XL*  100 
WEIGHT  (LB./M  FT) 


Fig.  2 
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PHYSICAL  PROPERTIES 

TYPICAL  VALUES  -  600-V  NO.  14  AWG  CABLES 


ROBBER 

CHL0R0SDLFONATED 

PLAMENOL  XL 

NEOPRENE 

POLYETHYLENE 

(63  MIL  WALL) 

(47  MIL  WALL) 

(30  MIL  WALL) 

ORIGINAL 

TENSILE  (ps I.min.) 

— 

2000 

2500 

ELONGATION 

— 

400 

200 

AIR  OVEN  AGING 

7  PAYS  @  m  °C 

TENSILE  (%  ORIGINAL) 

(CRACKED 

90 

95 

ELONGATION  (%  ORIGINAL) 

ON  BLNPING) 

70 

70 

5  PAYS  @  W0-W5  °C 

SAMPLES  WRAPPED 

CCRACKEP 

NO  CRACKS 

NO  CRACKS 

ON  2X  MANDREL 

ON  6SNPIN6 } 

Piq.  3 


PHYSICAL  PROPERTIES  (CONT.) 


ROBBER 

NEOPRENE 

(6?  MIL  WAIL) 


CH10R02ULF0NATED  PLAMENOL  XL 
POIYETHYLENE 


(47  MIL  WALL) 


(30  MIL  WAIL) 


OIL  RESISTANCE 
A9TM  *Z  OIL 
18  HRS  @  121  'C 


TENSILE  (%  ORIGINAL)  - 

100 

90 

ELONGATION  (%  ORIGINAL)  - 

90 

80 

DIESEL  FUEL 

7 PAYS®  70V 

TENSILE  (%  ORIGINAL) 

65 

70 

ELONGATION  (%  ORIGINAL) 

95 

100 

sMi 


VicjA 
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CRUSH  RESISTANCE 

600-V  NO.  14  m  CABLES 


ftutue 

jgoregHE 

m  MIL  WALL) 

POUNDS  REQUIRED  TO 
PRODUCE  FAILURE  PROM 
CONDUCTOR  TO  GROUND 

ORIGINAL  CABLE  1000 

AFTER  7  PAYS  IN 

DIESEL  POEL  <®  70°C  * 'u 


CUIOROSULPONATEP 

POLYETUyiEME  PUMENOl  XL 


m  MIL  WALL) 

(30  MIL  WALL) 

640 

2400 

140 

260 

Fig? 
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PENETRATION  RESISTANCE 
600-v  no.  14  me  cables 

RUBBER  CHIOROSULFONATED  FIAMENOL  XL 
NEOPRENE  POLYETHYLENE  _ 

(63  MIL  WALL)  (47  MIL  WALL)  (  30  MIL  WALL) 

PENETRATION 

PEPTH  IN  MILS  64  54  19 


Fig.  7 


STIFFNESS 
IN  TORSION 


(ASTM  P-1045) 

f'F 
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PE6REE  OF  CROSS-LINKING 

(ASTM  P-297) 


100 

80 

60- 

%  TOTAL 
POLYMER 

40- 

INSOLUBLE 

20 

L SPECIMEN  IN 
\  STAINLESS 
\ST£El  IAESM 
\  BASKET 


roEy 


SAMPLE  1 
SAMPLE  2 


8  16  24  32 

HOOK  IMMERSION  IN  REFLUXING  THF 


REFORMATION  RESISTANCE 

R  600-V  NO.  14  AWE  CABLES 


ROBBER 

NEOPRENE 

m  MIL  WALL) 


PERCENT  OF 
ORIGINAL 
DIAMETER. 
MASveCD  if  m  V) 


CHL0ROSOLFONATED 

POLYETHYLENE 

(47  MIL  WALL) 


PLAMENOL  XL 

(30  MIL  WALL) 

69 
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ELECTRICAL 

PROPERTIES 


TYPICAL  VALUES  - 
600-V  HO.  14  AW6  CABLES 


i-  INSULATION 
RESISTANCE 
:  IN  WATER 
AT  75  'C 


600-V  AC  APPUEP 


600-V  NO.IM  AWS  CABLES 


ROBBER  CMLOCOSULFONATCP 

NEOPRENE  POLYETUYLENE  PLAMENOL  XL 


(£?  MIL  WALL) 

(47  Mil  WALD 

(30  MIL  WALt) 

TEST  EM-60 

IN  WATER®  75  °C 

filC 

fl  PAY  IN  WATER) 

%  INCREASE  filC 

75 

59 

1  -  14  PAY$ 

7.0 

JK 

0.0 

7  -  14  PAYS 

-0.07 

4.6 

-0.17 

STABILITY  PACTOR 

25 

148 

052 

ALTERNATE 
STABILITY  PACTOR 

0.1 

0.79 

0.03 

INSULATION 

RESISTANCE 

K  PACTOR 
@  1*?.6  °C 

20,000 

2500 

20,459 

Pig.  11 
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MOISTURE 
ABSORPTION  - 
ELECTRICAL 
METHOD 


600V  PC  NEGATIVE 
TO  CONPUCTOR 


600-V  NaWAWeC46LE8 


CHL0R0SULP0NA1TP 

POLYETHYLENE 


fiq  1? 


ISlilfl 


OVERALL  PROPERTY  COMPARISON 

600-V  NO.  W  AW G  CABLES 


ROBBER 

NEOPRENE 

CHLOROSULFONATEP 

POLYETHYLENE 

FLAMENOL  XL 

p£v,'„ 

(63  MIL  WALL) 

(47  MIL  WALL) 

<30  MIL  WALL) 

TEMPERATURE  RATING 

15  °C 

90  6C 

90  °C 

FLAME  RESISTANCE 

SOOP 

EXCELLENT 

EXCELLENT 

OIL  RESISTANCE 

COOP 

EXCELLENT 

EXCELLENT 

MECHANICAL  T006WNFS2 

GOOD 

GOOP 

EXCELLENT 

!i:.;  :• 

FLEXIBILITY 

EXCELLENT 

EXCELLENT 

GOOP 

ELECTRICAL  PROPERTIES 

GOOD 

FAIR 

EXCELLENT 

ip, .  ", 

Fig.  t4 
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J.  Elwood  Betts 


J.  Elwood  Betts  is  a  Senior  Insulation  Development  Chemist  for  General 
Electric's  Wire  and  Cable  Products  Department.  His  work  involves  the 
development  of  new  insulation  materials  for  use  on  GE  wires  and  cables. 

During  the  twenty  years  he  has  been  with  General  Electric,  he  has  been  active 
in  successfully  developing  cross-linked  elastomers  and  plastic  polymers  that 
offer  an  optimum  of  desirable  cable  properties  and  which  can  be  efficiently 
and  reliably  extruded  under  actual  production  conditions.  At  present,  his 
special  assignment  is  developing  better  flame-resistant  insulations  to  meet 
applications  where  this  is  a  critical  property. 

Mr.  Betts  is  a  graduate  of  Rensselaer  Polytechnic  Institute  with  a  B.  Chem. 
Engineering  degree  and  is  a  member  of  the  American  Chemical  Society,  a 
Director  of  the  Connecticut  Rubber  Group,  and  a  member  of  the  Division  of 
Rubber  Chemists,  A.C.S. 

He  has  been  issued  a  patent  in  the  area  of  chemically  cross-linked  ethylene 
jolymer  insulations  and  has  several  others  pending. 


Dr.  Maurice  Prober 

Dr.  Maurice  Prober  is  Manager  of  Insulation  Development  in  General  Electric  s 
Wire  and  Cable  Products  Department.  In  this  position,  he  has,  since  1961, 
been  directly  involved  in  the  investigation  and  development  of  new  GE  wire 
and  cable  insulations  including  those  in  the  Vulkene  family  which  are  based 
on  chemically  cross-linked  polyethylene. 

Prior  to  his  present  assignment.  Dr.  Prober  was  with  General  Electric's 
Research  and  Development  Center  in  Schenectady,  N.Y.  where  he  carried  out 
extensive  research  in  the  fields  of  fluorinated  materials,  silicones,  high  polymers 
and  radiation  chemistry.  In  1958  he  was  appointed  Liaison  Scientist,  responsible 
for  implementing  communications  between  the  Research  Center  and  General  Electric 
operating  departments. 

Dr.  Prober  received  his  PHD  in  Organic  Chemistry  from  Cornell  University  in 
1946.  During  World  War  II,  he  served  on  the  Manhattan  Project. 

Has  been  issued  fifteen  patents  and  is  the  author  of  twenty-six  papers 
published  and  presented  at  technical  meetings. 
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"MIMI” ,  A  LIGHT  WEIGHT,  SMALL  VOLUME  ELECTRICAL  INTERCONNECT 
HARNESS  FOR  THE  F-15 

Ronald  Soloman 
McDonnell  Aircraft  Company 
St.  Louis,  Mo. 


Summary 


Present  and  future  military  fighter  aircraft 
designers  must  wage  a  constant  "battle  against 
weight.  Trade  off  studies,  design  evaluations, 
material  developments,  and  concept  analyses  are 
continuing  efforts  to  provide  the  most  with  the 
least.  Today  and  tomorrow’s  trend  is  toward 
micro  miniaturization,  a  lot  with  little.  The 
electrical  design  engineer  often  finds  himself 
with  requirements  to  electrically  interconnect 
numerous  avionic  systems  and  associated  equipment 
panels  and  "boxes  after  structural  design  is  firm, 
armament  designated,  hydraulic  routing  completed 
and  cooling  and  heating  installed.  Being  last 
requires  the  electrical  interconnect  harness  to 
he  small  in  volume  and  very  flexible  in  addition 
to  light  in  weight.  This  is  the  story  of  devel¬ 
opment  in  electrical  harness  design  at  McDonnell 
Aircraft  over  the  past  twelve  years . 

Introduction 

A  prime  consideration  in  the  design  of  a 
weapons  system  is  to  obtain  maximum  capabilities 
with  minimum  weight  and  space  penalties .  The 
concept  of  ’’doing  more  with  less”  is  applied 
wherever  possible  -  most  recently  in  electrical 
interconnect  systems  for  fighter  aircraft.  Mimi 
is  an  acronym  for  Micro  Miniature  Compact 
Harnesses  -  the  harness  concept  being  used  to 
interconnect  the  F-15  avionic  systems.  Let’s 
look  at  how  the  Mimi  concept  was  developed. 

Mimi’s  Family  Tree 

Conventional 

Over  twelve  miles  of  electrical  wire  are 
used  in  the  F-U  Phantom.  During  early  F-b  pro¬ 
duction,  MIL-W-5086/2  wire  with  a  minimum  size  of 
22  AWG  was  used.  This  wire  had  a  22  mil  insula¬ 
tion  wall  and  weighed  1+.70  pounds  per  1000  feet. 
This  electrical  wire  harness  was  so  large  that 
installation  and  repair  proved  difficult. 

Compact 

A  search  for  new  materials  and  techniques 
resulted  in  the  selection  of  MIL-W-227595 
MS21985  wire  with  a  10  mil  insulation  wall  weigh¬ 
ing  3.72  pounds  per  1000  feet  for  22  AWG  (still 
minimum  wire  size).  A  braided  dacron  polyester 
protective  jacket  was  used  to  encapsulate  the 
harness  to  provide  abrasion  and  cut  through  pro¬ 
tection  not  afforded  by  thin  wall  insulated  wire . 
This  configuration  was  called  a  Compact  harness 
and  has  been  used  on  over  ^200  F-U’s. 


Mini comp 

As  the  F-k  expanded  its  avionic  capabilities, 
more  and  more  wire  was  crowded  in  the  Compact 
harness.  By  1966,  it  was  apparent  that  another 
look  at  electrical  harness  systems  was  needed. 

The  interconnect  harnesses  were  again  becoming 
difficult  to  install  and  maintain.  In  1968,  a 
Mini comp  (for  miniature  compact)  harness  using 
MIL-W- 81381/1  and  /5  wire  with  a  seven  mil 
insulation  wall  and  weighing  1.5  pounds  per  1000 
feet  for  26  AWG  (new  minimum  wire  size)  was  used 
to  interconnect  the  Loran  D  avionics  system  and 
for  instrumentation  interconnect  on  several 
flight  test  aircraft.  Combined  with  a  new  mini¬ 
aturized  polyimide  fluorocarbon  coax  that  was 
developed,  a  significant  weight  and  volume 
reduction  was  achieved  with  Mini comp. 

Mimi 

In  1969  it  became  mandatory  to  develop  an 
electrical  interconnect  harness  with  still  lower 
weight  and  space  requirements  while  maintaining 
high  reliability  and  ease  of  installation  and 
repair.  This  demand  was  exacted  by  the  design 
competition  for  the  contract  award  on  the  Air 
Force  F-15  air  superiority  fighter.  Mimi  was 
developed  and  tested  during  this  time.  Mimi 
incorporated  the  latest  developments  in  conduc¬ 
tors  ,  insulation  and  connector  concepts.  Mimi 
features : 

o  2k  and  26  AWG  high  strength  alloy  135 
conductors 

o  All  conductors  with  unilay  stranding  for 
minimum  diameter  and  weight  and  optimum 
stripability 

o  5  mil  minimum  polyimide  fluorocarbon 
insulation  wall  with  polyimide  topcoat 

o  Color  coded  hookup  wire  and  cable 
for  easy  gauge  size  identification 

o  Multi conductor  cable  band  coded  for 
conductor  identification 

o  Subminiature,  environmentally  sealed 
connectors  with  high  density  pin 
spacing 

o  Braided  polyester  protective  harness 
j  acket . 
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Connectors 


Hie  subminiature,  environmentally  sealed 
connector  offers  considerable  weight  and  space 
savings  when  compared  to  the  standard  miniature 
connector.  Figure  1  compares  a  21  pin  coax 
connector  and  a  98  pin  rectangular  connector  of 
both  versions.  The  subminiature  connectors  also 
have  the  advantage  of  a  smaller  hand  envelope 
for  access. 


Weight  and  Space  Comparison 


Figure  2  depicts  the  four  generations  of 
harness  development  at  MCAIR.  The  harness  shown 
is  a  Forward  Looking  Radar  Harness  used  on  the 
RF-4C  and  built  to  the  four  concepts  previously 
discussed.  Each  harness  has  9  connectors  and 
200  wires.  The  following  weight  and  cross 
sectional  areas  were  measured. 


Cross  Sect. 


Config. 

Weight 

(lbs) 

New 

Weight 

Area 

(Sq.  In.) 

New 

C.S., 

1959 

24.81 

1.044 ' 

I960 

22.00 

88.6$ 

0.773 

70$ 

1968 

11.34 

45.7$ 

0.308 

30$ 

1971 

9.60 

38.7$ 

0.246 

24$ 

Maintainability  Record 


Several  recent  maintainability  studies  were 
conducted  to  determine  the  mean  time  between 
maintenance  action  (MTBMA)  and  the  maintenance 
man  hours  per  flight  hour  (MMH/FH)  for  compact 
harnesses  versus  conventional  open  laced  har¬ 
nesses.  Figure  3  shows  that  the  F-4  with  the 
compact  harness  has  more  than  double  the  mean 
time  between  maintenance  action  of  its  nearest 
competitor  (DC-8).  Figure  b  illustrates  that  the 
Compact  harness  of  the  F-k  has  a  very  respectable 
maintenance  man  hours  per  flight  hour  record 
although  not  as  good  as  some  commercial  aircraft. 


A  distinct  maintenance  advantage  of  the 
braided  harness  is  that  it  may  be  removed, 
repaired  and  reinstalled  as  an  entity.  During 
retrofit,  an  entire  harness  may  be  removed  for 
modification  without  affecting  the  integrity  of 
adjacent  harnesses. 


Distinctive  Manufacturing  Techniques 


AWG  Size  Code 


To  minimize  confusion  and  errors  between 
AWG  sizes,  an  AWG  size  code  has  been  chosen  to 
provide  easy  identification  of  wire  AWG.  This 
size  code  will  be  used  on  hookup  wire,  airframe 
wire  and  cable.  The  wire  insulation  will  be  of 
a  solid  color  for  conductor  AWG  identification. 
The  color  -  AWG  size  code  selected  conforms  to 


the  colors  already  established  for  identifying 
terminals  and  connector  contact  pins  as  specified 
in  MIL-023216,  26636,  39029  and  MIL-T-7928. 

A  tabular  listing  follows : 

26  AWG  -  Black  18  AWG  -  White 

24  AWG  -  Blue  l6  AWG  -  Blue 

22  AWG  -  Green  l4  AWG  -  Green 

20  AWG  -  Red  12  AWG  -  Yellow 

Cable  Conductor  Code 

Since  solid  colors  have  been  selected  for 
AWG  size  identification,  another  approach  was 
needed  (other  than  helical  color  stripes  or 
solid  colors)  to  identify  conductors  within  a 
multi conductor  cable.  A  circumferential  band 
code  was  chosen  as  being  the  easiest  to  identify 
with  a  solid  color  background.  The  number  of 
bands  represent  the  conductor  number  except  for 
conductor  one  which  is  not  band  coded.  See 
Figure  5. 

Wire  Identification 

Circuit  identification  is  achieved  by  in¬ 
stalling  a  circuit  identified  thermofit  shrink 
sleeve  at  each  terminated  wire  end.  Subsequent 
application  of  heat  to  the  sleeve  shrinks  it 
down  on  the  wire.  Placing  the  sleeve  between 
the  thumb  and  forefinger  and  exerting  a  pulling 
or  pushing  force  parallel  to  the  wire  permits  the 
sleeve  to  be  moved  to  its  proper  orientation  in 
final  harness  operations.  This  approach  when 
compared  to  printing  the  circuit  identification 
on  the  wire  offers  decreased  costs,  faster  repair, 
replace  or  retrofit  of  wires  in  a  harness  and 
elimination  of  printing  problems  normally  associ¬ 
ated  with  small  size  2k  and  2 6  AWG  wires.  It  has 
the  disadvantage  of  not  providing  wire  identifi¬ 
cation  between  terminated  ends  and  not  being  an 
accepted  procedure  per  MIL-C-5088. 

Connector  Strain  Relief 

A  connector  strain  relief  evaluation  inves¬ 
tigated  standard  connector  strain  reliefs, 

Glenair  Qwik  Ty,  molded  shrink  boots  and  a  molded 
cone.  The  molded  cone  was  selected  for  final 
qualification  testing  because  of  its  low  cost, 
easy  assembly  and  repair,  weight  savings,  added 
wire  and  grommet  protection  and  good  performance 
in  torsional  and  flex  tests.  Figure  6  shows  an 
early  developmental  molded  cone  strain  relief  in 
comparison  to  a  standard  strain  relief. 

Harness  Twist 

Flexibility  during  harness  installation  in 
the  airframe  is  vital.  A  stiff  harness  provides 
undue  hardships  when  installing,  repairing  or 
removing.  To  increase  harness  flexibility, 
specified  random  twist  is  employed.  The  wires 
are  formed,  combed,  twisted  and  taped  as  illus¬ 
trated  in  Figure  7* 
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Harness  Braid 


An  open  harness  uses  a  wire  with  sufficient 
insulation  toughness  and  thickness  to  provide  its 
own  mechanical  abrasion  protection.  In  contrast, 
a  braided  harness  uses  a  thin  wall  insulated 
wire  (commonly  referred  to  as  hook  up  wire)  and 
achieves  mechanical  abrasion  protection  by  over¬ 
braiding  the  completed  harness.  A  black,  poly¬ 
ester  yarn  is  the  braid  material  used  on  all  stan¬ 
dard  MCAIR  harnesses .  New  England  Butt  Braiders 
with  2l+,  32,  1+8  and  6b  carriers  apply  the  spooled 
polyester  yarn  (1100  denier,  250  strand).  For 
high  temperature  harnesses  (to  260°C),  nylon  yarn 
is  used. 

Some  harnesses  either  radiate  or  are  suscep¬ 
tible  to  electromagnetic  interference  (EMI). 

When  shielding  of  the  individual  wires  proves 
inadequate,  the  entire  harness  may  be  shield 
braided.  Ninety  percent  shield  coverage  is 
required.  A  33  AWG,  tin  plated  copper,  four  or 
eight  ends  per  spool,  is  the  shield  material  used 
at  MCAIR.  Polyester  yarn  will  be  braided  over 
the  shield  as  a  final  protective  jacket.  Figure 
8  demonstrates  a  typical  braiding  operation. 

Jacket  Topcoat 

After  the  protective  jacket  braiding  is  com¬ 
plete,  the  harness  is  placed  on  a  metal  screen 
above  a  tank  filled  with  topcoating  solution. 

A  container  is  used  to  pour  the  solution  over  the 
braided  harness  and  the  metal  screen  permits  the 
excess  to  drain  back  to  the  tank.  After  applica¬ 
tion  of  the  solution  to  the  protective  jacket,  a 
forty  eight  hour  air  dry  is  necessary  before  the 
harness  can  be  bagged  and  sealed  for  storage. 

The  harness  can  be  moved  and  worked  after  approxi¬ 
mately  two  hours .  The  topcoat  bonds  the  yarn 
strands,  minimizes  fraying  that  is  associated  with 
untreated  yarns  and  improves  the  moisture  resis¬ 
tance.  Monochlorotrifluorethylene  (Kel  F)  is 
used  on  the  polyester  yarn  and  synthetic  elastomer 
(Viton)  on  nylon  yarn. 

Conductor  Current  Ratings 

With  the  development  of  new,  high  tempera¬ 
ture  insulations,  increased  current  ratings  are 
possible  for  conductors.  After  comprehensive 
laboratory  testing  of  single  wire  and  harness 
configurations,  new  current  ratings  were  estab¬ 
lished  based  on  the  maximum  total  continuous 
temperature  allowable  for  the  insulation  and  con¬ 
ductor.  These  ratings  are  applicable  to  both 
Teflon  and  Kapton  insulated  conductors  for  F-15 
applications.  The  tests  were  based  on  a  37  wire 
harness  with  7  of  the  wires  carrying  full  test 
current  and  the  other  30  wires  carrying  0.25 
amperes.  The  MCAIR  ratings  are  for  150°C  ambient, 
sea  level. 


Current  Rating  -  Amps 
Single  Wire 


Conductor  5088D  MCAIR 


26 

AWG 

Alloy 

- 

7 

2b 

AWG 

Alloy 

- 

9 

22 

AWG 

Copper 

- 

lb 

20 

AWG 

Copper 

11 

20 

18 

AWG 

Copper 

16 

26 

16 

AWG 

Copper 

22 

32 

lb 

AWG 

Copper 

32 

1+3 

12 

AWG 

Copper 

1+1 

53 

Current  Rating  -  Amps 


Conductor 

Harness 

5088D 

Wire 

MCAIR 

26  AWG  Alloy 

~ 

1+ 

2h  AWG  Alloy 

2 

6 

22  AWG  Copper 

5 

9 

20  AWG  Copper 

7.5 

12 

18  AWG  Copper 

10 

16 

l6  AWG  Copper 

13 

20 

ll+  AWG  Copper 

17 

25 

12  AWG  Copper 

23 

32 

A  comparison  of  the  harness  wire  rating  of 
MIL-C-5088D  and  MCAIR  shows  that  a  smaller  gauge 
size  conductor  can  be  used  where  current  rating 
is  the  determining  factor.  This  can  be  a  major 
factor  in  contributing  to  the  overall  weight  and 
volume  reduction  of  an  electrical  harness. 

Shield  Braid  on  Cable 


MIL-C-27500  requires  a  3 6  AWG  shield  braid  on 
.06l  to  .310  inch  cable  diameter.  F-15  shielded 
cable  evaluation  has  shown  38  AWG  braid  to  have 
equal  shielding  effectiveness  on  up  to  .250  inch 
cable  diameter.  With  the  use  of  increasingly  com¬ 
plex  and  sophisticated  avionic  systems  on  fighter 
aircraft,  more  and  more  shielded  cable  is  required 
to  protect  the  sensitive  circuits.  By  reducing 
the  shield  strand  size  to  38  AWG  for  up  to  a 
.250  inch  cable,  shielding  weight  is  minimized 
without  reducing  shielding  performance. 

Design  Applications 

Provided  with  2b  and  26  AWG  conductors ,  thin 
wall  insulation,  higher  current  ratings  and 
reduced  size  shield  braid,  the  design  engineer 
has  the  potential  to  create  a  light  weight,  small 
volume,  high  reliability  electrical  interconnect 
harness.  Now,  as  never  before,  the  engineer  must 
know  currents  for  each  circuit ,  circuits  where 
voltage  drop  requirements  are  critical  and  sensi¬ 
tive  or  radiating  circuits  that  require  shielding. 
The  developments  in  wiring  materials  and  concepts 
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can  only  "be  effectively  utilized  if  the  design 
engineer  is  acutely  aware  of  the  circuit  require¬ 
ments  of  his  avionic  systems.  Only  through 
excellence  in  design  can  the  optimum  electrical 
harness  be  achieved. 

F-U  vs  F-15 

The  Mimi  harness  for  the  F-15  offers  numer¬ 
ous  design  improvements  over  existing  compact 
harnesses  used  on  the  F-U.  They  are: 

o  Lighter  Weight  and  Smaller  Volume 
2h  and  2 6  AWG  uni lay  conductor 
Thin  wall  insulated  wire 
38  AWG  shield  braid 
Higher  current  ratings 

o  Reduced  Manufacturing  Operations 

Minimized  use  of  etched  wire  and  potted 
connectors 

o  Easier  Installation  and  Removal  from 
Aircraft 

Smaller  harness  volume  improves 
flexibility  and  accessibility 


Ronald  Soloman  graduated  from  Washington 
University  in  1956  with  a  BSEE.  After  two  years 
with  the  U.  S.  Army  as  a  radar  and  guided  missile 
instructor,  he  joined  the  Emerson  Electric 
Company  of  St.  Louis.  He  worked  as  a  calibration 
and  test  engineer  on  the  B-52  and  B-58  Radar  Fire 
Control  Systems.  After  coming  to  McDonnell 
Aircraft  Company  in  19^h ,  he  has  worked  as  an 
engineer  in  the  Avionics  lab,  electronic  systems 
and  design  engineering.  He  presently  is  a  member 
of  the  electrical  design  staff  involved  with  im¬ 
proved  methods  of  electrical  interconnect . 


o  Improved  Maintainability 

Easy  access  to  wire  and  terminals  in 
connector  grommet  area 

o  Enhanced  Survivability 

Reduced  harness  volume  and  rugged 
polyimide  insulation 

Conclusion 


The  electrical  harnesses  for  the  F-15  employ 
the  latest  development  in: 


o  Small  gauge  conductors 
o  Conductor  stranding 
o  Thin  wall  insulation 
o  High  density  connectors 
o  Connector  strain  reliefs 
o  AWG  code  identification 
o  Cable  code  identification 
o  Shield  gauge  size  and 
o  Wire  current  ratings 

to  insure  a  light  weight,  small  volume,  highly 
reliable  interconnect  system.  The  electrical 
design  engineer  has  the  capability  of  "doing 
more  with  less"  assuring  maximum  design  with 
minimum  weight  and  space  penalties ,  thanks  to 
Mimi . 
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Band  Width: 

Band  Separation: 

Band  Group 
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.09  -  .03  Inches 
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Code 


SPECIFICATIONS 


Band  Groups; 


Two  Complete  Band 
Groups  for  Each  Primary 
Conductor  Must  he 
Within  2.5  Inches 


18  AWG  -2  CONDUCTOR 


PIG.  5 


MOLDED  CONE  STRAIN  RELIEF 


FIG.  6 


MS  27506  STRAIN  RELIEF 


train  Relief 
Comparison 
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Harness  Braid 

A  polyester  braid  is 
applied  to  the  harness 
as  a  protective  jacket 


THE  DESIGN  OF  CABLE  CONNECTOR  COMBINATIONS 
TO  ACHIEVE 

ELECTROMAGNETIC  INTERFERENCE  CONTROL 
D.  E.  Clark 

Electrical  Components  Division 
The  Bendix  Corporation 
Sidney,  New  York  13838 


Summary 

A  presentation  on  the  proper  materials 
choice,  fabrication  techniques  and  methods  of 
testing  to  assure  the  design  of  cable  connector 
combinations  for  electromagnetic  shielding 
effectiveness.  Included  are  the  test  results  of 
various  cable  braid  and  flexible  conduit 
materials  as  evaluated  using  a  Triaxial  type 
test  fixture. 

Introduction 

The  goal  of  a  properly  designed  cable-con¬ 
nector  combination  for  Electromagnetic  Inter¬ 
ference  (EMI)  Control  is  two  fold,  as  follows: 

1.  To  prevent  unwanted  EMI  from  entering  a 
system  and  appearing  upon  the  cable's 
center  conductors. 

2.  To  prevent  unwanted  EMI  from  a  system’s 
center  conductors  from  entering  an  outside 
environment. 

The  former  is  known  as  susceptibility  con¬ 
trol  and  the  latter  is  known  as  radiation 
control. 

The  Shielded  System 

The  shielded  system  of  a  cable-connector  com¬ 
bination  to  achieve  EMI  control  consists  of  the 
following:  (Ref.  -  Figure  I) 

1.  The  connector  shell 

2.  The  E.  M.  R.  hardware:  method  of  forming 
wires  or  attaching  connector  to  cable  braid 
or  conduits. 

3.  The  cable  braid  or  conduit. 

Points  of  Probable  EMI  Leakage 
from  the  Shielded  System 

EMI  leakage  can  occur  in  the  shielded  system 
from  one  of  two  or  a  combination  of  the  fol¬ 
lowing  causes:  (Ref.  Figure  1) 


1.  Leakage  from  points  1  and  4: 

In  the  case  of  points  1  the  connector  mating 
surfaces  may  make  improper  shell  contact 
with  its  mating  counter-part.  At  points  4 
improper  soldering  or  brazing  of  the  braid 
or  conduit  to  the  E.  M.  R.  hardware  may 
cause  EMI  leakage  in  these  areas. 

2.  Penetration  of  the  system  at  points  2,  3  and 
5:  Penetration  of  the  system  can  occur  at 
the  above  points  either  through  the  improper 
selection  of  material  thickness  or  the 
selection  of  materials  whose  electrical 
properties  are  inadequate  for  the  desired 
frequency  range  to  be  shielded. 

Types  of  EMI  Leakage  Fields 

Electromagnetic  fields  are  normally  classified 
into  one  of  the  following  basic  types: 

1.  High  impedance  E  fields-  are  fields  that 
exist  in  the  vicinity  of  high  impedance 
radiators  which  develop  large  voltage 
potentials  at  low  current  levels  and  exhibit 
intrinsic  impedances  greater  than  377  ohms. 

2.  Low  impedance  H  fields-  are  generated  by 
radiators  which  exhibits  large  current  flow 
with  little  impressed  voltages.  Their 
intrinsic  impedance  is  less  than  377  ohms, 
usually  less  than  1  ohm.  They  normally 
exist  at  frequencies  below  100  KHz. 

3.  Plane  wave  fields-  exist  in  free  space  far 
removed  from  the  radiator  and  have  an 
intrinsic  impedance  equal  to  377  ohms. 

Both  E  and  H  fields  become  plane  wave 
fields  at  distances  greater  than  one  wave 
length  from  the  radiator. 

Shielding  Effectiveness  Design 

The  degree  of  cable- connector  EMI  control  can 
be  calculated  in  decibels  of  shielding  effective¬ 
ness  (S. E.  )2 
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where  S.  E.  =  A  +  R  4-  B 

A  is  the  absorption  loss  in  decibels  equal 
to3.34xlO-3T  ,/FUCT  (1) 

T  =  Thickness  in  mils 
F  =  Frequency  in  Hertz 
U  =  Relative  Permeability  of  the  Shield 
Material,  Relative  to  Copper 
G  =  Relative  Conductivity  of  the  Shielded 
Material,  Relative  to  Copper 

The  table  below  lists  common  handbook  values 
of  relative  permeability  and  conductivity  for 
various  common  shield  materials  and  platings 
used  in  cable- connector  combinations.  2 

TABLE  I 


that  A  is  greater  than  15  decibels  at  the  minimum 
frequency  to  be  shielded  it  can  be  ignored.  For 
example,  for  48%  nickel  iron  A  is  greater  than 
15  decibels  above  12  KHz  for  3  mil  material, 

4.  23  KHz  for  5  mil  material  and  1  KHz  for  10 
mil  material.  These  thicknesses  are  typical  of 
material  used  for  convoluted  flexible  leads. 

A  second  method  of  calculating  H  field  shielding 
effectiveness  exists.  This  method  is  defined  on 
page  131  of  Terman's  first  edition  of  the  "Radio 
Engineers'  Handbook".  The  method  states  that 
for  cylinders  whose  length  is  a  number  of  times 
its  diameter  the  shielding  effectiveness  to  uni¬ 
form  magnetic  fields  results  from  "skin  effect" 
los  s  es. 

1  -3 

SErr  =  20  log  0.  35  r  e  £  x  10  (5) 

H  ®10 


Metal 

G 

U 

Copper  (Annealed) 

1.  0 

1.  0 

Silver 

1.  05 

1.  0 

Gold 

0.  70 

1.  0 

Aluminum 

0.  61 

1.  0 

Brass 

0.  26 

1.  0 

Cadmium 

0.  23 

1.  0 

Nickel 

0.  20 

1.  0 

Steel  AMS  5045 

0.  10 

1000 

Monel 

0.  04 

1 

400  Series  Stainless  Steel 

0.  02 

1000 

48%  Nickel-Iron 

0. 0385 

5000 

The  R  term  is  the  reflection  loss  value  for  a 
particular  metal  and  varies  according  to  the 
type  of  leakage  field  peresent  at  the  shield. 


For  E  Fields  RE  =  £353.6  +  10  log 


G  1 

db  (2) 

f3u2J 

For  H  Fields  RM  =Qo  log1Q 

.  462  + 

r  VFTT 

U 

.  136  r  J 

hFG  "  + 

U 

.  354  |db 

(3) 

For  Plane  Wave  Fields  R  = 

[l08.2  + 

10  lQgio 

G  x  106* 

7db  (4) 

UF  _ 

J 

In  all  cases  where  r  is  a  factor  it  is  equal  to 
the  distance  from  the  source  to  the  shield  in 
inches. 

The  B  term  is  a  re-reflection  quantity  and  is 
very  complex  in  nature.  If  the  design  is  such 


where  _T_  must  be  greater  than  2 

X 

r  is  the  radius  of  the  cylinder  in  inches 

T  is  the  thickness  of  the  cylinder  in  mils 

2  6  1 

£  equals  the  skin  dept  in  inches  =  — - 

NJfug 

Where  F,  U  and  G  are  the  same  units  used 
above. 

Figure  2  shows  the  calculated  shielding 
effectiveness  of  E  and  H  field  radiation  versus 
various  thicknesses  of  48%  nickel-iron  con¬ 
duit.  The  three  and  five  mil  thicknesses  are 
standard  with  various  vendors.  The  ten  mil 
thickness  can  be  obtained  on  special  order. 

The  curve  shows  for  typical  requirement  of 
shielding  effectiveness  of  100  decibels,  the  E 
fielding  shielding  requirements  could  the¬ 
oretically  be  met.  H  field  requirements  in  all 
probability  would  not  be  met  in  the  lower  fre¬ 
quency  range  of  15  KHz  to  600  KHz,  depending 
upon  the  thickness  chosen.  Equations  1,  2  and 
3  were  used  to  establish  Figure  2. 

Figure  3  is  a  comparison  of  two  methods  of 
calculating  H  field  shielding  effectiveness. 
Curve  I  and  II  show  the  calculated  difference 
between  the  method  using  equation  1  and  3  and 
the  skin  effect  method  of  equation  5. 

Curve  III  of  Figure  3  shows  the  additional  H 
field  shielding  effectiveness  that  can  be 
achieved  by  twisting  current  carrying  center 
conductors  within  the  shield.  The  reduction  of 
H  field  by  twisting  current  carrying  wires  was 
measured  in  the  laboratory  using  the  following 
procedures: 
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The  H  field  for  an  infinitely  long  wire  was  es¬ 
tablished  using  Biot-Savert' s  relationship; 

H  =  0.  ZT  .  (6) 

r 

where  H  is  the  field  in  oersteds,  I  the  current  in 
amperes,  and  r  the  distance  from  the  wire  in 
centimeters.  A  current  of  1  ampere  was  es¬ 
tablished  in  the  wire  and  the  field  was  measured 
from  15  KHz  to  100  MHz  using  the  measurement 
method  RE01  of  MIL-STD-46  1A  and  462. 

When  the  return  wire  was  laid  parallel  to  the 
incident  wire,  a  reduction  of  30  decibels  was 
noted  for  the  1  ampere  generated  field  from 
15  KHz  to  100  KHz. 

When  the  return  wire  was  twisted  to  the  incident 
wire  another  30  decibel  reduction  from  15  KHz 
to  100  KHz  was  noted.  This  resulted  in  a  total 
reduction  of  60  decibels  for  a  twisted  wire 
versus  an  infinitely  long  wire. 

In  a  practicable  construction  the  infinite  long 
single  wire  will  not  exist,  but  parallel  wires 
may  be  present.  Curve  III  was  established  to 
show  the  maximum  theoretical  H  field  shield¬ 
ing  effectiveness  available  from  5  mil  nickel- 
iron,  by  adding  the  30  decibel  gain  achieved  by 
twisting  the  wires,  to  the  skin  effect  value 
calculated  in  Curve  I. 

Doubt  exists  as  to  the  validity  of  the  handbook 
values  for  the  permeability  of  various  materials 
shown  in  Table  I.  Several  reasons  for  this 
doubt  exists,  and  are  as  follows: 

1.  Figure  4  is  handbook  published  data  showing 
the  change  in  permeability  for  iron  with 
respect  to  increasing  frequency.  We  have 
been  unable  to  find  published  data  on  other 
ferrous  materials  listed  in  Table  I  but  it  is 
suspected  that  the  higher  permeability 
materials  will  exhibit  like  changes  of 
permeability  at  even  lower  frequencies  than 
the  iron.  2 

2.  Some  data  was  available  that  did  show 
magnetic  stainless  steel,  when  formed  into 
connector  shells  gave  a  maximum  perme¬ 
ability  of  400  instead  of  1000  as  shown  in 
Table  I.  This  maximum  value  of  400  only 
occurred  when  the  connector  shell  was 
measured  at  a  flux  density  of  15  kilogausses. 
For  low  gauss  levels  the  measured  permea¬ 
bility  was  less  than  400.  Of  course,  where 
the  material  was  saturated  above  15  kilo- 
gausses,  the  permeability  was  much  less 
than  400.  These  measurements  were  per¬ 
formed  at  a  test  frequency  of  60  Hz. 


3.  It  seems  probable  that  the  permeability  of  a 
given  material  could  be  altered  drastically 
by  machining,  brazing  and  forming  oper¬ 
ations  necessary  in  the  manufacture  of  cable- 
connector  configurations.  Therefore, 
calculated  values  of  H  field  shielding 
effectiveness  may  prove  higher  than  actual 
measured  values. 

4.  Some  preliminary  H  field  leakage  measure¬ 
ments  made  on  solid  drawn  tubes  of  various 
ferrous  materials  did  show  shielding 
effectiveness  results  that  were  much  lower 
than  theory  predicted  for  these  materials. 

One  explanation  for  these  results  was  that 
the  UG  product  for  the  materials,  in 
actuality,  was  much  lower  than  the  stated 
handbook  values. 

Test  Method  -  E  Field  Shielding 
Effectiveness  Testing 

This  Division  expended  a  large  effort  evaluating 
many  test  methods  for  measuring  the  shielding 
effectiveness  of  cable-connector  combinations. 
After  much  evaluation  it  was  decided  to  use  the 
Triaxial  method  of  test  developed  at  General 
Radio  by  John  Zorzy  and  R.  Muehlberger.  This 
test  method  offers  several  advantages  as 
f  ol  lows: 

1.  The  principle  of  operation  is  such  that  the 
test  results  are  not  a  function  of  the  test 
chamber  size  and  shape. 

2.  Data  can  be  repeated  with  greater  accuracy. 

3.  All  of  the  power  sources  and  detectors  are 
commercially  available  items  and  can  be 
calibrated  to  standards  traceable  to  the 
National  Bureau  of  Standards. 

Test  Method  Prerequisites: 

The  necessary  prerequisites  of  such  a  test 
method  are  as  follows: 

1.  The  EMI  incident  power  into  the  test  sample 
must  be  obtained  throughout  the  frequency 
spectrum.  This  will  entail  a  matched  system 
including  the  test  sample  and  its 
termination. 

2.  The  EMI  incident  power  which  will  leak  from 
the  test  sample  must  be  collected  throughout 
the  frequency  spectrum.  This  power  must 
manifest  itself  in  its  true  form  across  a 
known  output  impedance. 
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The  Triaxial  Test  Method 

The  Triaxial  test  method  is  basically  a  con¬ 
trolled  double  coaxial  test  environment.  Figure 
5  shows  a  schematic  of  such  a  system  including 
a  signal  source  and  a  detector.  The  test  sample 
and  signal  source  comprise  the  inner  coax.  The 
outer  coax  consists  of  a  carefully  designed 
silver  plated  brass  tube  whose  dimensions  with 
respect  to  the  inner  coax  will  produce  the 
necessary  characteristic  impedance  compatible 
with  the  detector. 

Impedance  consists  of  an  adjustable  piston 

type  shorting  ring  when  the  device  is  used  for 
testing  in  the  100  MHz  to  10  GHz  frequency 
range.  Adjusting  this  short  for  a  maximum 
detector  reading  across  Z£L  give  the  matched 
power  indication  of  the  test  sample  leakage. 

’Z^2q  may  be  replaced  with  a  coaxial  50  ohm 
resistor  when  testing  in  the  10  KHz  to  100  MHz 
frequency  region.  This  makes  necessary  a  6 
decibel  leakage  power  correction  factor  which 
must  be  added  to  the  detector  power  measure¬ 
ment  in  order  to  obtain  the  true  Leakage  power 
in  this  frequency  spectrum. 

Test  Sample  Design  -  Inner  Coax  System 

Figure  6  is  a  diagram  showing  a  representative 
test  sample.  When  testing  connector  joint 
leakage  the  shield  braid  shown  on  the  diagram 
consists  of  a  solid  tube,  .  030"  wall  thickness, 
whose  material  is  silver  plated  Low  carbon 
steel.  The  diameter  of  this  tube,  in  con¬ 
junction  with  the  dielectric  and  the  center 
conductor  diameter  is  determined  by  the 
impedance  of  the  signal  generator  or  power 
source.  In  most  cases  this  test  sample  must 
be  designed  to  present  as  nearly  as  possible  a 
characteristic  impedance  of  50  ohms.  The 
center  conductor  through  the  test  connector  is 
also  designed  to  present  a  50  ohm  impedance. 

One  end  of  the  test  sample  is  terminated  in  the 
signal  source  and  the  opposite  end  must  be 
determined  in  a  resistor  (ZJ  equal  to  the 
sample  characteristic  impedance  and  the  source 
impedance  (50  ohms).  The  terminating  resistor 
must  maintain  its  resistance  into  the  gigahertz 
test  frequency  region.  Small  mismatches  can  be 
tolerated  by  measuring  the  incident  and 
reflected  power  into  the  sample  and  calculating 
the  true  power.  The  above  design  allows  the 
test  engineer  to  accurately  measure  the  true 
power  into  the  test  sample.  A  similar  arrange¬ 
ment  can  be  made  to  test  braid  and  conduit 
test  samples. 


The  Outer  Coaxial  System 

The  design  of  this  system  depends  upon  the 
diameter  and  length  of  the  test  sample.  If  the 
maximum  outside  diameter  of  the  test  sample 
is  assumed  as  the  center  conductor  of  the  outer 
coaxial  system  and  the  detector  input  im¬ 
pedance  is  maintained  at  50  ohms,  then 
standard  coaxial  air  dielectric  calculations 
will  determine  the  inner  diameter  of  the  outer 
shield.  The  shorting  adjustable  piston  will 
insure  matched  conditions  at  the  detector 
throughout  the  100  MHz  to  10  GHz  frequency 
range.  The  length  of  the  outer  coaxial  tube 
with  respect  to  the  test  sample  length 
determines  the  lowest  usable  frequency  when 
using  the  shorting  piston. 

Mode  Propagation  Control 

The  test  sample  must  be  centered  within  the 
outer  coaxial  shielding  for  proper  mode  propa¬ 
gation  of  the  leakage  fields  toward  the 
detector.  The  test  sample  field  components 
could  be  either  radial,  axial,  or  circumfer¬ 
ential  in  direction.  These  leakage  components 
are  not  necessarily  symmetric  in  nature  and 
locally  TE,  TM,  and  TEM  modes  could  exist. 
The  test  fixture  should  couple  all  of  the  modes 
to  the  detector.  At  present  no  one  standard 
method  of  tests  can  combine  all  of  these  possi¬ 
ble  modes  into  accurate  meaningful  data. 

The  triaxial  method  with  its  coaxial  arrange¬ 
ment  makes  possible  onLy  the  propagation  of 
the  TEM  mode  below  1  gigahertz.  The  TEM 
mode  is  the  mode  most  likely  to  cause  inter¬ 
ference  difficulties  to  equipment  adjacent  to  a 
cable- connector  combination. 

Between  1  and  10  gigahertz  a  TE^  mode  could 
exist  but  not  be  propagated  to  the  detector.  The 
concentric  mounting  of  the  test  sample  and  the 
proper  design  of  outer  braid  transition  adapters 
can  minimize  this  error,  to  a  great  degree,  by 
preventing  the  initial  generation  of  the  TEjj 
mode,  thereby  increasing  the  fixture's  use- 
fullness  in  measuring  the  TEM  mode  in  this 
frequency  range. 

Test  Equipment 

Figures  7,  8,  9,  10  and  11  are  block  diagrams 
and  photographs  showing  test  equipments  and 
their  arrangements  to  perform  input  power  and 
leakage  power  measurements.  These  figures 
span  a  frequency  range  of  from  15  KHz  to 
10  GHz. 
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Test  Results  -  E  Field 


The  test  equipment  is  available  as  shown  or  it's 
equivalent  is  available  at  most  manufacturers  or 
test  agencies  who  do  extensive  EMI  control  pro¬ 
grams. 

Test  Data 

The  input  power  leakage  must  be  put  into  a  form 
whereby  they  can  be  related  to  environmental 
impedances  other  than  the  50  ohm.  The  leakage 
areas  in  a  particular  test  sample  size  must  be 
given  a  designation  whereby  the  system  designer 
can  use  this  designation  for  his  particular 
environmental  conditions.  This  designation 
can  be  likened  to  an  impedance  parameter 
called  the  surface  transfer  impedance  (S.  T.  I.  ). 
The  S.  T.  I.  for  a  particular  connector  is 
Z21  =  2A  where  e^  equals  the  equivalent 

il 

leakage  voltage  within  the  external  coaxial  line, 
and  ii  equals  the  current  flowing  in  the  test 
sample  or  the  inner  coaxial  line. 

In  a  50  ohm  system  the  incident  power  Pi  to 
50  i2. 

The  output  leakage  power,  in  a  50  ohm 
system  is 

To”  ’ 

The  measured  power  ratio  A  is  equal  to  P2/Pp 


Connectors 

Figure  12  shows  typical  shielding  effectiveness 
data  for  both  LJT  and  JTG  connectors.  These 
connectors  both  have  ground  fingers  internal 
to  their  plug  shells. 

For  the  JT  connector  series  without  ground 
fingers,  tests  at  E.  C.  D.  and  at  Picatinney 
Arsenal  show  a  20  decibel  degradation  in 
shielding  effectiveness  from  that  shown  on 
Figure  12. 

Figure  12  also  shows  that  both  the  LJT  and  JTG 
type  connectors  would  meet  the  requirements  of 
Table  VIII  of  MIL-C-81511B  with  respect  to 
minimum  leakage  limit. 

Connector  Backshell  Terminations 

Figure  13  shows  the  advantage  gained  in  using 
the  10-352424  solder  type  EMR  hardware  to 
fasten  a  shield  braid  to  a  connector  backshell. 
This  method  of  termination  is  compared  to  a 
commonly  used  pigtail  type  termination 
fastened  under  the  connector's  strain  relief 
clamp,  such  as  the  type  JT-RE(SR)  connector. 

Shielded  Braids  and  Conduits 


2 
e 

2 

(50)2  i2 
1 

By  substitution  and  definition  the  S.  T.  I.  equals 

Z21  =  ^2  =  50  VT  Ohms  for  connector 

il  interference  leakage  (7) 

z2i  =  so  VT  Ohms /Cm.  where  L 

L  equals  the  test  sample  (8) 
length  in  Cm  for  cables  and 
conduits. 

The  characterstic  Z21  or  S.  T.  I.  is  independent 
of  the  external  impedance  loading  so  can  be 
used  to  calculate  EMI  leakage,  knowing  certain 
environmental  conditions  such  as: 

Susceptibility  levels  of  nearby  equipments,  the 
impedance  of  the  surrounding  media  and  the 
EMI  power  available  within  the  test  sample. 


Figure  14  is  a  family  of  shielding  effectiveness 
curves  for  various  seamless  6  mil  thick  solid 
tubes.  Above  10  MHz  the  shielding  effective¬ 
ness  of  the  52  alloy  (nickel-iron)  and  1010  steeJ 
appears  to  flatten  out  and  then  decrease  above 
200  megahertz.  This  is  undoubtedly  due  to  a 
decrease  in  UG  products,  with  the  permea¬ 
bility  decrease  causing  a  decrease  in  this 
product. 

Above  10  MHz  all  materials  surpassed  the 
shielding  effectiveness  of  a  single  layer  tinned 
copper  braid. 

Figure  15  is  a  series  of  comparative  shielding 
effectiveness  performance  curves  on  various 
annular  and  helical  conduit  materials.  Their 
performance  is  compared  with  that  of  a  single 
layer  copper  braid  shield.  The  American 
Metal  Hose  type  AT2  198-300  conduit,  Curve  VI 
was  superior  to  all  others  tested.  The  non¬ 
magnetic  stainless  steel  curve  V  gave  the 
least  desirable  performance. 

The  curves  on  Figure  16  represent  a  compari¬ 
son  in  shielding  effectiveness  performance 
between  various  braids  and  conduits.  Of  interest 
is  a  comparison  of  Curves  III  and  IV. 
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These  two  curves  show  that  a  10  to  20  decibel 
improvement  can  be  obtained  using  double 
copper  braid  versus  a  single  copper  braid.  A 
single  layer  magnetic  steel  braid  as  shown  on 
Curve  IV  gives  the  poorest  performance  of  all 
the  samples  tested.  The  braids  also  show  a 
decrease  in  shielding  effectiveness  above  1  MHz 
while  the  conduits  do  not. 

Cable- Connector  Combinations 

Figure  17  shows  that  when  the  four  types  of  con¬ 
nectors  tested  are  terminated  to  a  double  copper 
braid  shield  the  type  of  connector  makes  very 
little  difference  as  to  shielding  effectiveness  per¬ 
formance.  The  dashed  curve  shows  that  the 
braid  shield  in  this  case  is  the  limiting  factor  in 
shielding  effectiveness  performance.  All  braid 
terminations  to  the  connector  backshells  were 
made  using  10-353424  type  EMR  hardware. 

Figure  18  consists  of  curves  showing  the  per¬ 
formance  of  the  LJT  connector,  using  various 
shield  materials  to  make  a  cable-connector 
combination.  Once  again  this  shows  that  the 
connector  performance  is  limited  by  the  shield 
material  used  on  the  braid. 

Conclusions  and  Recommendations 

Several  conclusions  and  recommendations 
regarding  the  design  of  cable- connector  com¬ 
binations  to  achieve  maximum  Electromagnetic 
Interference  control  are  apparent  from  the  data 
in  this  report  and  also  from  a  study  of  some  of 
the  referenced  articles.  These  conclusions  and 
recommendations  are  as  follows: 

1.  The  connectors  tested  in  this  report  will  not 
be  the  limiting  factor  in  EMI  control  when 
either  single  or  double  copper  cable  braids 
are  used. 

2.  The  connectors  using  the  360°  peripheral 
beryllium  copper  alloy  spring  fingers  on 
their  plug  shells,  give  a  consistent  20 
decibel  improvement  in  shielding  effective¬ 
ness  over  their  non  spring  counter  parts. 

3.  Most  flexible  conduits  will  give  consistently 
superior  performance  in  shielding  effective¬ 
ness  when  compared  to  braid  shields. 

4.  EMR  hardware  used  to  attach  braids  and  con¬ 
duits  to  connector  backshells  be  of  the  solid 
solder  on  type  construction  similar  to  our 
10-353434  series.  This  has  proven  to  be  far 
superior  to  pigtail  type  of  termination. 

Crimp  terminations  if  properly  performed 
with  a  360  crimp  have  proven  successful, 


but  their  performance  will  sometimes  de¬ 
grade  when  exposed  to  various  environmental 
changes  so  they  may  be  less  reliable. 
Jacketing  the  cable  with  insulated  molding 
compounds  would  prevent  or  retard  this  de¬ 
gradation. 

5.  Twisting  current-carrying  wire  pairs  will 
reduce  the  needed  EMI  shielding  by  as  much 
as  30  decibels  when  compared  to  parallel 
current-carrying  wires. 

6.  The  cable-connector  combination  should  be 
as  short  as  possible,  consistent  with  system 
performance  to  prevent  cable  length 
resonances  from  occurring  within  the  pre¬ 
scribed  system  EMI  frequency  range.  This 
is  to  prevent  the  cable  from  becoming  an 
efficient  receiving  or  transmitting  antenna. 

Above  the  operating  frequency  range  of  100 
KHz  multiple  grounding  of  the  cable  shield 
will  prevent  this  resonant  condition  from 
occurring.  The  grounds  should  be  spaced  no 
longer  than  0.  15  of  the  wavelength  distance  in 
meters  for  the  highest  frequency  to  be 
excluded. 

Below  the  operating  frequency  range  of  100 
KHz  multiple  grounding  of  the  system, 
including  the  cable,  should  not  be  done. 

Here,  a  single  point  system  ground  is 
usually  necessary  to  prevent  the  circulation 
of  low  frequency  currents  between  the 
multiple  ground  points.  This  ground,  in 
most  instances  should  be  at  the  signal  source 
end  of  the  cable. 
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TEST  SETUP  (200  KHZ  TO  1000  MKZ) 
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TEST  SETUP  (1  GHZ  TO  10  GHZ) 
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VACUUM- PRES SURE  IMPREGNATION  OF 
WATERPROOF  CABLE  &  ASSOCIATED  IN-LINE 
COMPOUND  MIXING  SYSTEM 


R.  G.  Schneider  and  E.  L.  Franke 
Western  Electric 
Baltimore,  Maryland 


A  waterproof  plastic  insulated  multipair  cable  for 
buried  (Exchange  Area  Cable)  telephone  distri¬ 
bution  routes  is  now  being  produced  by  Western 
Electric.  The  waterproof  approach  replaces  the 
air  in  the  core  with  a  dielectric  compound  that 
permits  the  use  of  an  economical  sheath  design  and 
eliminates  the  need  for  gas  pressuring. 

All  small  pair  size  (25  pair  and  smaller)  PIC 
Exchange  Area  Cable  may  be  manufactured  by  forming 
the  core  in  tandem  with  the  sheathing  operation. 

The  core  is  formed  by  feeding  twisted  pairs  into 
an  oscillating  face  plate  that  imparts  an  alter¬ 
nating  helical  lay  to  the  core  to  reduce  cross 
talk  and  provide  flexibility  to  the  cable.  The 
pairs  are  fed  through  specific  individual  aper¬ 
tures  in  the  face  plate  to  retain  orientation  and 
brought  together  by  passing  them  through  a  sizing 
die.  For  waterproof  cable,  the  oscillating  face 
plate  and  the  sizing  die  are  mounted  on  opposite 
ends  of  a  heated  tank  that  contains  liquid  filling 
compound.  As  the  pairs  are  drawn  through  the  tank, 
they  are  coated  by  the  liquid  compound;  and  as  the 
core  is  formed  by  a  second  sizing  die  in  the  tank, 
compound  is  entrapped,  filling  the  interstitial 
space. 

In  order  to  fill  cores  larger  than  25  pairs, 
attempts  were  made  to  do  the  filling  at  the  strand¬ 
ing  operation.  Cores  of  50  pairs  and  100  pairs 
were  filled  by  treating  each  unit  of  the  core  the 
same  as  the  method  previously  described.  The 
filled  units  were  then  formed  into  a  cable  core  by 
the  same  procedure  used  for  individual  units. 

Cables  can  be  made  this  way  but  the  method  is  not 
desirable  from  a  manufacturing  standpoint.  An 
increase  in  string-up  time  coupled  with  a 
reduction  in  stranding  speed  required  to  insure  an 
adequate  fill,  reduces  strander  output  by  approxi¬ 
mately  one-half.  In  addition,  the  rotational 
speed  of  the  strander  take-up  causes  considerable 
accumulation  of  the  compound  in  the  take-up 
compartment.  Since  the  normal  time  interval 
between  stranding  and  sheathing  in  the  shop  allows 
the  compound  to  cool  while  on  a  core  truck,  feed¬ 
ing  the  cooled  core  into  a  sheathing  line  causes 
small  air  pockets  to  be  set-up  in  the  filled  core 
as  it  is  unwound  from  the  core  truck.  Finally, 
because  the  cable  must  be  flooded  with  filling 
compound  both  under  and  over  the  aluminum  shield, 
this  approach  requires  handling  the  compound  in 
two  shop  areas  -  stranding  and  sheathing. 

It  became  evident  that  a  method  of  filling  pre¬ 
stranded  cores  in  tandem  with  a  sheathing  line 
would  be  required  to  allow  economical  production 
of  filled  cables  larger  than  25  pairs. 


The  first  approach  to  filling  pre-stranded  core 
was  to  apply  room  temperature  compound  at  high 
pressure  to  the  core  in  a  vacuum.  After  an 
experimental  model  of  the  required  apparatus  was 
fabricated,  studies  of  the  compound  characteristics 
by  the  Bell  Telephone  Laboratories  showed  that 
subjecting  the  filling  compound  to  cold  flow  under 
pressure  caused  severe  shearing  of  the  polyethyl¬ 
ene’s  molecular  chains,  destroying  the  flow 
characteristics  needed  at  higher  temperatures  to 
which  cables  are  subjected  in  the  field.  There¬ 
fore,  this  procedure  was  abandoned. 

It  was  reasoned  that  a  core,  regardless  of  pair 
size  or  configuration,  could  be  successfully 
filled  at  lower  pressure  if  most  of  the  air  was 
removed  prior  to  application  of  a  liquid  compound. 
This  approach  would  allow  use  of  rigid  dies  for  the 
various  chambers  required  without  undue  concern  for 
things  like  compound  leakage,  normal  variation  in 
core  diameter  or  the  substantial  decrease  in  core 
size  at  the  joint  for  tying  two  cores  together  for 
continuous  operation.  Based  on  such  a  vacuum- low 
pressure  liquid  compound  approach,  equipment  for 
it  has  been  developed  and  demonstrated. 

The  apparatus  can  be  considered  as  four  separate 
compartments  as  shown  in  Figure  1: 

1.  Vacuum  Section 

2.  Vacuum-Pressure  Gradient  Section 

3.  Pressure  Section 

4.  Pressure-to-Atmosphere  Gradient  Section 

1.  The  vacuum  section  consists  of  a  lead-in  tube 
approximately  one  foot  in  length  with  the  inside 
diameter  only  slightly  larger  than  the  nominal  core 
diameter.  Immediately  adjacent  to  the  tube  is  a 
die  holder  which  contains  three  steel  dies  with  an 
inside  diameter  the  same  as  the  nominal  diameter  of 
the  core.  (All  sections  of  the  apparatus  are 
separated  by  a  die  holder  equipped  with  three  dies 
each.) 

Adjacent  to  the  lead-in  tube  is  a  vacuum  chamber 
13  1/2”  long.  Experience  indicates  the  best 
results  are  obtained  with  a  vacuum  of  25  in.  Hg  in 
the  chamber. 

2.  The  vacuum-pressure  gradient  section  is  a 
chamber  constructed  of  two  concentric  tubes  24” 
long.  The  small  tube  inside  diameter  is  sized  the 
same  as  the  lead-in  tube  while  the  outside  tube 
forms  a  heat  exchanger  with  the  inside  tube.  The 
space  between  the  two  tubes  is  flooded  with  chilled 
water  (45°F). 

This  chamber  serves  to  ’’freeze”  any  compound  that 
may  flow  counter  to  the  direction  of  core  travel, 
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thus  preventing  any  of  the  filling  compound  from 
contaminating  the  vacuum  system.  The  die  holder 
located  between  this  chamber  and  the  vacuum 
chamber  is  heated  to  230  F  and  provided  with  a 
drain  to  remove  any  filling  compound  that  may 
flow  past  the  chilled  chamber  during  start-up  or 
shut  down. 

3.  The  pressure  section  consists  of  a  steam 
jacketed  tube  approximately  19"  long.  The  filling 
compound  is  introduced  into  the  core  at  this 
location.  The  compound  pressure  and  temperature 
are  controlled  by  instruments  in  direct  contact 
with  the  compound.  A  compound  temperature  of 
210°F  +.  5°F  and  pressure  of  less  than  5  psi  are 
considered  optimum. 

4.  The  pressure- to-atmosphere  gradient  section  is 
composed  of  a  36"  long  heat  exchanger  consisting 
of  two  concentric  tubes.  Chilled  water  (45  F)  is 
circulated  through  this  heat  exchanger. 

The  following  results  have  been  achieved  by  the  use 
of  this  system: 

1.  To  date,  the  system  has  successfully  filled 
50  pair-19  gauge,  100  pair-22  gauge  and  200  pair- 
24  gauge  cables.  Laboratory  tests  of  degree  of 
fill  indicate  that  pair  size,  core  configuration 
and  line  speed  have  no  appreciable  effect  on 
ability  to  fill  cores.  In  fact,  50  pair-19  gauge 
cores  have  been  filled  at  line  speeds  up  to 

185  fpm.  Limitations  of  the  compound  system  and 
certain  equipment  in  the  sheathing  line  limited 
length  of  run  to  approximately  1,000  feet  and  line 
speed  to  the  185  fpm. 

2.  Use  of  vacuum  to  remove  air  from  cores  allows 
relatively  low  pressure  to  be  used  for  the  impreg¬ 
nation  system.  This  low  pressure,  maximum  of 

5  psi,  allows  use  of  rigid  dies  and  long,  close 
fitting  tubes  as  effective  "seals"  for  containment 
of  the  liquid  compound  and  eliminates  the  potential 
safety  hazards  associated  with  high  pressure 
liquid.  The  use  of  the  water  chiller  as  the  last 
section  of  the  equipment  effectively  freezes  the 
filling  compound  on  the  periphery  of  the  core 
preventing  loss  of  compound  before  a  dielectric 
wrapping  is  applied. 

3.  Filling  stranded  cores  in  tandem  with  the 
sheathing  operation  at  normal  line  speeds  allows 
continuous  operation  and  restricts  handling  of  the 
compound  to  one  shop  area.  The  only  apparent 
effect  on  shop  operation  is  an  increase  in  set-up 
time  required  to  change  dies  and  tubes  in  the 
filling  equipment. 

4.  High  temperature  flow  characteristics  of  the 
compound  have  been  retained  and  tests  indicate 
cables  made  by  this  method  meet  the  Bell  Telephone 
Laboratories'  design  intent. 

5.  A  50  pair-19  gauge  cable  with  low  density 
polyethylene  insulated  conductors  was  manufactured 
on  the  subject  equipment.  Samples  of  this  cable 
were  tested  by  the  Bell  Telephone  Laboratories  as 
follows : 


5.  a.  Holes  were  drilled  into  the  sheath  of  a 
10'  sample  at  1'  intervals,  care  being  taken  not 
to  penetrate  the  core  wrap.  This  sample,  except 
for  the  test  ends,  was  then  immersed  in  a  tank  with 
approximately  a  3'  head  of  water.  Capacitance  of 
20  pairs  was  measured  immediately  after  immersion, 
then  repeated  after  4,  14  and  22  days.  The 
average  increase  in  capacitance  after  22  days  was 
0.3%  which  is  by  far  the  best  result  they  have 
observed  on  any  waterproof  cable  to  date. 

b.  Another  evaluation  consisted  of  immersing 
one  end  of  a  sample  of  cable  in  the  same  tank, 
allowing  the  unprotected  end  to  lie  at  the  bottom 
of  the  tank.  After  two  weeks,  the  sample  was 
carefully  dissected  and  inspected  under  a  magnify¬ 
ing  glass  for  signs  of  water.  In  the  core,  for 
the  1'  section  nearest  the  exposed  end,  a  few 
minute  droplets  of  water  were  detected.  Beyond 
this  section  there  was  no  sign  of  water. 

This  process  appears  to  be  the  best  method  to  fill 
cable  cores  in  tandem  with  a  sheathing  line  due  to 
the  demonstrated  ability  to  fill  any  core  size  or 
configuration,  low  pressure  compound  handling,  no 
adverse  effect  on  sheathing  line  speeds,  no 
degradation  of  the  filling  compound  and  excellent 
capacitance-  stability  of  the  filled  cores. 

The  cable  filling  compound  must  possess  several 
important  attributes  in  addition  to  being  water¬ 
proof.  Since  the  filler  material  replaces  the  air 
in  the  cable,  it  must  have  excellent  electrical 
properties  so  that  the  increase  in  wall  thickness 
of  the  primary  insulation  need  not  be  excessive  to 
maintain  identical  transmission  characteristics 
with  air  core  PIC  cable.  The  filler  must  be 
available  in  large  quantities  (100  million  lbs./yr.) 
at  a  low  cost.  Since  above  ground  terminals  and 
closures  are  used  in  conjunction  with  buried  cable, 
the  filler  material  must  show  excellent  resistance 
to  flow  at  a  temperature  of  68  C. 

Low  temperature  properties  such  as  adhesion  and 
resistance  to  cracking  are  also  important  as  some 
handling  of  the  cables  may  be  made  in  winter. 
Finally,  and  perhaps  most  important  since  instal¬ 
lation  personnel  come  in  intimate  contact  with  the 
material,  it  cannot  have  any  toxic  effects  and 
should  not  be  objectionable  to  handle. 

Extensive  studies  by  Bell  Telephone  Laboratories 
led  to  the  development  of  a  blend  of  petrolatum  and 
low  molecular  weight  polyethylene  which  exhibits 
all  of  the  above  mentioned  criteria.  The  costs  of 
the  two  raw  materials  are  both  low;  however,  the 
cost  of  mixing,  handling,  shipping  and  the  addition 
of  antioxidant  to  improve  product  quality  due  to 
the  long  blending  cycles  and  additional  heat 
history  increased  the  cost  by  approximately  307>. 

Handling  and  shipping  of  the  compound  contributes 
to  an  increased  cost  due  to  the  many  problems 
associated  with  the  compound  as  opposed  to  petro¬ 
latum.  Petrolatum  is  normally  shipped  as  a  hot 
liquid  in  insulated  tank  cars  either  by  truck  or 
rail.  The  melting  point  of  this  material  is  the 
120°F  to  150°F  range,  and  considering  a  50  F 
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differential,  the  shipping  temperature  should  be 
in  the  170°F  -  200°F  range.  Petrolatum  can  be  held 
at  these  temperatures  for  weeks  with  no  measurable 
loss  in  electrical  properties  due  to  degradation. 

Should  the  petrolatum  solidify  during  transit,  it 
can  be  remelted  easily  by  using  low  pressure  steam. 
The  melting  point  of  the  petrolatum-polyolefin 
blend  is  200  r  minimum  and,  therefore, Qshipping 
temperature  would  be  approximately  250  F.  At  this 
temperature  the  kinetic  rate  of  reaction  is  at 
least  ten  times  as  rapid  as  at  200  F  and  even  after 
stabilization  with  antioxidant,  serious  deterio¬ 
ration  of  electrical  properties  is  evident  after 
approximately  100  hours.  Should  solidification 
occur,  remelting  the  petrolatum-polyolefin 
compound  would  present  a  paramount  problem  as 
localized  overheating  and  subsequent  degradation 
in  the  immediate  area  surrounding  the  heat  source 
is  almost  a  certainty.  Thus,  it  should  be  concluded 
that  at  present  there  is  no  method  available  to 
economically  ship  the  compound  in  the  molten  state 
without  incurring  serious  electrical  degradation 
in  the  product. 

Shipping  the  compound  cold  in  drums  (or  equivalent) 
is  not  feasible  due  to  the  quantities  involved  and 
would  present  serious  handling  problems  in  the  shop. 
Thus,  in-plant  compounding  and  blending  appeared  to 
be  the  only  economical  approach. 

At  the  time  it  became  evident  that  in-plant  mixing 
must  be  investigated,  petrolatum-polyolefin 
compound  was  being  manufactured  for  Western  by  two 
suppliers.  Both  companies  used  a  batch  system,  i.e., 
measured  quantities  of  hot  petrolatum,  pelletized 
polyethylene  and  antioxidant  were  added  to  a  large 
tank,  mixed  and  discharged  into  drums.  This  method 
possesses  several  obvious  disadvantages  to  Western. 
First,  cable  is  manufactured  continuously  in  the 
plant,  thus  mixed  compound  must  be  available  at  all 
times  for  the  filling  operation.  A  storage  tank  for 
mixed  compound  in  conjunction  with  a  batch  mixer 
would  therefore  be  required  for  continuous  delivery 
of  compound  to  the  filling  units.  Secondly,  even 
though  a  special  low  melting  point  high  melt  index 
polyethylene  is  used,  approximately  a  one  hour 
residence  time  in  the  mixer  is  required  because  the 
polyethylene  must  melt  before  it  can  mix.  The  long 
melting  period  is  encountered  because  of  the  low 
coefficient  of  heat  transfer  between  the  polyethyl¬ 
ene  pellet  and  the  petrolatum  and  the  small  Q 

differential  between  the  mixing  temperature  (265qF) 
and  the  "melting  point"  of  the  polyethylene  (230  F) . 
Due  to  this  long  mixer  residence  time,  typical  mixer 
size  would  be  approximately  600  gallons  with 
associated  storage  tank  50%  again  as  large.  During 
periods  when  filled  cable  is  not  being  manufactured 
in  the  shop  (vacation,  three  day  weekends,  etc.) 
material  which  had  been  blended  would  probably  have 
to  be  disposed  of  due  to  degradation  of  electrical 
properties.  Aside  from  being  costly,  there  is  no 
known  economical  way  of  disposing  of  compound  in 
large  quantities. 

The  use  of  polyethylene  powder  in  place  of  pellets 
would  substantially  reduce  the  mixer  residence  time, 
however,  the  grinding  costs  incurred  would  increase 


the  cost  of  the  compound  about  .3c/lb.  Maintenance, 
cleaning  and  frequent  calibration  of  the  weigh  dump 
scales  would  also  detract  from  the  initial 
attractiveness  of  powder.  Vibrator-feeders  or 
constant  volume  feeders  for  ground  polyethylene 
were  discounted  based  upon  the  large  variation  in 
bulk  density  associated  with  ground  polyethylene. 

As  indicated,  most  of  the  time  spent  in  the  mixer 
is  directed  toward  melting  the  polyethylene. 

Studies  showed  complete  mixing  was  accomplished  in 
minutes  when  melted  polyethylene  was  introduced 
into  hot  petrolatum  (265°F)  in  a  small  mixer.  The 
most  economical  method  to  melt  and  meter  polyethyl¬ 
ene  is  extrusion.  An  extruder  is  a  very  accurate 
metering  device  and  can  provide  a  continuous  flow 
of  polyethylene  into  a  mixer. 

With  the  use  of  an  extruder  and  a  metering  pump  for 
the  petrolatum,  a  continuous  mixing  system  should 
be  considered  in  preference  to  the  aforementioned 
batch  system.  In  a  continuous  system,  both  petro¬ 
latum  and  polyethylene  are  constantly  flowing  into 
a  mixer  and  mixed  compound  is  constantly  flowing 
out  at  equivalent  rates.  Due  to  the  increase  in 
mixing  efficiency  associated  with  melted  polyethyl¬ 
ene,  the  size  of  a  500  gallon/hr.  capacity  system 
could  be  reduced  from  600  gallons  (batch  mixer  with 
ten  minute  loading  time  included)  to  50  gallons. 

The  need  of  a  compound  storage  tank  would  be 
eliminated  with  the  use  of  a  continuous  mixer.  The 
reduction  in  volumetric  capacity  allows  changes  in 
the  mixture  in  the  range  of  an  extrudable  plastic 
and  a  petrochemical  with  no  large  quantity  to 
discard. 

Based  on  a  continuous  mixing  approach,  the  follow¬ 
ing  process  has  been  developed  (see  Figure  2): 

Cream  white  petrolatum  is  shipped  in  55  gallon 
disposable  drums.  It  is  pumped  cold  from  these 
drums  into  a  350  gallon  hold  tank  by  an  air 
operated  piston  pump  which  is  suitable  for  pumping 
grease.  The  hold  tank  is  steam  jacketed  and  heats 
the  petrolatum  from  ambient  temperature  to  150  F 
(20-30°F  above  melting  point).  The  petrolatum  is 
agitated  via  a  marine  type  impeller  driven  by  a 
1/3  h.p.  electric  motor.  Agitation  will  assure 
uniformity  of  temperature  throughout  and  will  avoid 
localized  overheating.  A  vent  to  the  roof  is 
provided  on  the  hold  tank  to  allow  petrolatum 
volatiles  (.5-1.8%  weight)  to  escape  to  the 
atmosphere. 

As  production  capability  is  developed,  the  quantity 
of  petrolatum  will  require  bulk  handling. 

Petrolatum  is  continuously  pumped  from  the  hold 
tank  to  a  ten  gallon  constant  head  tank  located 
above  the  hold  tank.  The  ten  gallon  tank  is 
provided  with  an  overflow  return  to  the  hold  tank 
to  maintain  a  constant  head  for  supply  to  a  very 
accurate  variable  output  diaphragm  metering  pump. 
The  petrolatum  is  then  pumped  through  a  heat  q 
exchanger  to  increase  the  temperature  from  150  F  to 
265°F  and  then  is  discharged  into  a  mixing  vessel. 


Low  density  polyethylene,  supplied  in  1,000  lb. 
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pillar  packs,  is  conveyed  to  a  cold  water  jacketed 
storage  bin  above  the  extruder.  The  polyethylene 
is  gravity  fed  to  the  extruder  which  delivers 
molten  polyethylene  to  the  mixing  vessel. 

Variable  output  in  lbs. /hr.  of  petrolatum-poly¬ 
olefin  compound  can  be  delivered  at  constant 
concentration  by  varying  the  speeds  of  the 
metering  pump  and  the  extruder  in  direct  ratio 
since  both  outputs  are  linear. 

The  50  gallon  mixing  vessel  is  steam  jacketed  to 
maintain  the  PE-PJ  mixture  at  265  F.  The  vessel 
is  divided  into  four  vertical  chambers  by  annular 
horizontal  baffles  to  provide  three  distinct  zones 
of  mixing  with  the  top  section  for  level  control. 

A  3  h.p.  constant  speed  motor  is  mounted  above  the 
mixer  and  drives  propellers  in  each  of  the  three 
mixing  zones.  Four  equidistant  vertical  baffles 
extend  the  full  length  of  the  mixer  and  are  spaced 
approximately  1/2M  from  the  wall  of  the  vessel  to 
provide  additional  turbulence  and  eliminate  vortex- 
ing  in  the  upper  mixing  chamber.  Vortexing  would 
cause  air  to  be  entrained  in  the  final  compound. 
High-low  controllers  maintain  the  compound  level 
above  the  top  annular  ring  and  adjust  input  for 
variations  in  compound  level. 

The  blended  compound  flows  by  gravity  from  the 
bottom  of  the  mixing  vessel  to  steam  jacketed 
pumps  which  supply  the  filling  equipment. 

The  key  to  manufacturing  acceptable  PE-PJ  compound 
is  to  maintain  uniform  and  non-varying  concen¬ 
tration.  If  the  concentration  of  polyethylene  is 
too  high,  the  filled  cable  is  too  stiff  and  the 
compound  may  crack  at  low  temperatures.  If  the 
concentration  is  too  low,  the  compound  may  flow  at 
elevated  temperatures. 

The  extruder  and  metering  pump  are  powered  by 
variable  speed  drives.  The  metering  pump  also  has 
an  adjustable  stroke.  Calibration  is  accomplished 
as  follows: 

With  the  extruder  drive  running  at  maximum  rpm,  the 
output  can  be  measured.  From  this  output,  the 
corresponding  petrolatum  flow  rate  can  be 
calculated  for  the  desired  concentration.  The 
metering  pump  is  then  operated  at  maximum  rpm  and 
the  stroke  adjusted  for  this  flow  rate.  No  further 
adjustments  are  necessary  unless  the  composition  of 
the  compound  is  to  be  changed.  Since  the  outputs 
of  both  the  extruder  and  the  metering  pump  are 
linear  with  speed,  operation  at  any  intermediate 
flow  rate  is  possible. 

Variation  in  compound  usage  will  cause  the  level  of 
compound  in  the  mixer  to  change.  A  sonar  device 
senses  this  change  in  tank  level  and  delivers  an 
amplified  signal  to  a  proportioning  device.  A 
percentage  of  the  signal  from  the  proportioning 
instrument  is  relayed  to  both  the  metering  pump  and 
the  extruder.  The  percentage  of  the  signal  going 
to  each  drive  controller  is  dependent  upon  the 
maximum  speed  of  each  unit  and  is  preset. 


Present  make-up  system  capability  is  severely 
limited  by  the  small  (2")  extruder.  While  the 
entire  compound  mixing  system  is  sized  for  500 
gallons  per  hour,  the  present  extruder  limits 
system  output  to  125  gallons  per  hour.  (A  2" 
extruder  was  available  as  surplus  equipment.) 

Since  nominal  line  consumption  is  about  100 
gallons  per  hour,  level  control  in  the  mixing  tank 
is  maintained  between  a  high  and  low  point  in  the 
upper  chamber  of  the  mixer  by  running  the  extruder 
and  metering  pump  in  full  on  and  full  off  position. 

Samples  of  current  production  have  demonstrated  the 
composition  of  the  compound  can  be  maintained  with 
+  1%  of  the  target  concentration.  No  degradation 
of  either  electrical  or  physical  parameters  has 
been  detected  in  any  compound  made  to  date. 
Homogenity  of  the  blend  is  better  than  any 
commercially  available  material.  Consequently,  the 
blend  shows  greater  resistance  to  flow  at  elevated 
temperatures  than  commercial  material  and  cables 
filled  at  Baltimore  have  far  exceeded  the 
Laboratories'  requirement  in  this  area. 

Because  of  the  direct  relationship  between  viscosity 
and  concentration,  the  use  of  a  viscosity  monitor 
and  controller  is  being  investigated  to  provide  a 
more  exact  control  of  the  composition  of  the 
compound. 

The  following  results  have  been  achieved  with  the 
use  of  in-plant  compounding  system: 

1.  The  cost  of  the  compound  has  been  reduced  as 
low  cost  raw  materials  are  automatically  blended 
and  fed  to  the  filling  station.  The  only  labor 
required  is  to  provide  the  two  materials  to  the 
system  using  conventional  bulk  handling  methods. 

The  use  of  an  antioxidant  to  reduce  thermal 
degradation  of  electrical  properties  can  be 
eliminated.  A  different  antioxidant  may  be 
required  by  the  Laboratories  for  stabilization  of 
the  primary  insulation. 

2.  The  petrolatum-polyolefin  blend  product 
quality  has  been  markedly  improved.  The  heat 
history  of  the  compound  has  been  eliminated 
because  the  compound  is  used  as  soon  as  it  is  made. 
The  previous  method  of  manufacture  involved  the 
supplier  making  the  compound  and  shipping  it  cold 

in  drums  which  required  reheating  the  material  prior 
to  use.  The  above  improvement  has  eliminated  the 
need  of  an  antioxidant  for  thermal  protection  which 
in  turn  improves  the  electrical  properties  of  the 
blend.  Homogenity  of  the  blend  has  been  greatly 
improved  by  the  use  of  a  small  size  high  intensity 
three  stage  mixer.  Good  homogenity  improves  flow 
characteristics  at  elevated  temperatures.  For 
comparison  of  results  of  these  methods,  see 
attached  Table  1. 

This  in-plant  compounding  system  has  been  used  to 
produce  approximately  eight  miles  of  field  trial 
cable  and  various  experimental  cables  with 
excellent  results. 
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TABLE  1 


Supplier  A 
Pure  Petrolatum 


Compound  Made 
at  Baltimore 
from  Supplier  A 
Petrolatum _ 


Compound  Made 
at  Baltimore 
from  Supplier  A 
Petrolatum  on 
a  Different  Date 


Values  per  W.E. 
Specification 
62072 _ 


Dielectric  10^ 

2.18 

2.23 

2.15 

106 

2.18 

2.24 

2.15 

Dissipation  10^ 

.00024 

.00027 

.00040 

106 

.00090 

.00085 

.00087 

2.25 

2.25 

.0004 

.0010 


Dielectric  10^ 


Dissipation  10^ 


Supplier  B 
Pure  Petrolatum 

2.15 

2.15 

.00024 

.00083 


Compound  Made 
at  Baltimore 
from  Supplier  B 
Petrolatum 


2.19 

2.20 
.00020 
.00068 


Compound  Made 
at  Baltimore 
from  Supplier  B 
Petrolatum  on 
a  Different  Date 


2.17 

2.18 
.00013 
.00052 


Values  per  W.E. 
Specification 
62072 _ 

2.25 

2.25 

.0004 

.0010 


Electrical  properties  of  two  suppliers'  petrolatum  and  compounds  made  from  them  in  the  continuous 
process  at  Baltimore. 


LEAD-IN  TUBE 


VACUUM-PRESSURE  GRADIENT  CHAMBER 


VACUUM  -  PRESSURE  IMPREGNATION  EQUIPMENT 


FREQUENCY 


PETROLATUM  SUPPLY  PUMP 


COMPOUND  MIXING  SUPPLY  EQUIPMENT 
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PREFABRICATED  PRESSURE  DAM  FOR  TELEPHONE  CABLE 


H.  Fukutomi,  K.  Ogawa  and  J.  Egashira 
Nippon  Telegraph  and  Telephone  Public  Corporation 
Tokyo,  Japan 


Summary 

In  gas  pressurized  telephone  cable  systems, 
a  pressure  dam  is  needed  at  each  end  of  the  gas 
sections.  In  order  to  resolve  problems  of  imper¬ 
fect  gas-tightness  encountered  in  making  the  pres¬ 
sure  dam  in  the  installation  site,  a  cable  with 
prefabricated  pressure  dam  prepared  uniform  factory 
conditions  has  been  developed. 

The  introduction  of  prefabricated  pressure 
dam  cables  has  greatly  improved  the  reliability  of 
pressurized  cable  systems  and  also  much  reduced 
man  hours  of  installation  work. 

Introduction 

Gas  pressurized  telephone  cable  systems  with 
dry  air  or  dry  nitrogen  have  been  recognized  to  be 
very  effective  to  monitor  and  localize  sheath 
breaks  or  faulty  joints,  and  to  prevent  the  ent¬ 
rance  of  moisture  through  them.  The  effectiveness 
depends  on  gas  pressure  stability  in  the  pressur¬ 
ized  cable  section.  This  means  that  gas  sections 
must  be  virtually  leak-free,  above  all,  pressure 
dams  furnished  at  each  end  of  the  gas  sections 
must  be  air-tight. 

Today,  most  underground  cable  of  NTTPC  (Nippon 
Telegraph  and  Telephone  Public  Corporation)  main¬ 
tained  under  gas  pressure  protection.  Pressure 
dams  provided  at  junctions  of  pressurized  feeder 
cable  to  non-pressurized  distribution  cables  have 
been  made  in  the  field  using  an  epoxy  compound. 

Fie  Id- made  pressure  dams  are  not  only  man  hours 
consuming  but  susceptible  to  gas  leaks. 

According  to  the  examination  by  dissolving 
leaky  pressure  dams,  the  following  were  found  as 
causes  of  the  gas  leakage. 

(1)  Cracks  or  congregation  of  air  bubbles  created 
during  curing  process  being  caused  by  change 
of  ambient  temperature  and  vibration  due  to 
road  traffic. 

(2)  Cracks  or  tiny  gaps  due  to  the  difference  of 
thermal  expansion  coefficients  between  the 
epoxy  compound,  conductor  insulation,  lead 
sleeve  and  other  components  of  the  pressure 
dam  and  cable. 

(3)  Poor  adhesion  between  the  epoxy  compound  and 
polyethylene. 

(4)  Errors  in  weighing  out  the  proper  ratio  of 
epoxy  resin  and  hardner  according  to  the  am¬ 
bient  temperature. 

It  was  expected  that  the  use  of  an  epoxy  com¬ 
pound  with  short  curing  time  would  save,  man  hours 
of  installation  time  and  also  reduce  the  possibi¬ 
lity  of  gas  leakage  with  less  change  of  vibration 
due  to  road  traffic.  Particularly  in  cold  climate 
regions,  where  it  takes  a  fairly  long  time  to  make 
a  pressure  dam  due  to  cold  ambient  temperature,  an 


improvement  was  earnestly  required. 

In  choosing  epoxy  damming  compounds  to  make 
pressure  dams,  however,  if  an  excess  amount  of 
hardner  is  used,  an  excess  heat  of  reaction  is 
usually  generated  resulting  in  insulation  damage 
in  the  case  of  polyethylene  insulated  cable. 

Leaky  pressure  dams  caused  by  adverse  vibration 
due  to  road  traffic  are  unavoidable  whenever  pres¬ 
sure  dams  are  made  in  the  field.  Furthermore,  the 
repair  of  a  leaky  pressure  dam  itself  is  very  dif¬ 
ficult.  The  only  ways  to  repair  the  leakage  are, 
generally,  to  replace  the  faulty  pressure  dam  with 
associated  cable  or  to  make  another  pressure  dam 
close  to  the  faulty  one. 

The  resolution  of  all  the  problems  mentioned 
above,  by  development  of  a  new  filling  compound  or 
improvement  in  the  method  of  making  pressure  dams, 
was  realized  to  be  very  difficult.  From  this  si¬ 
tuation,  the  development  of  a  prefabricated  pres¬ 
sure  dam  cable,  a  relatively  short  length  of  cable 
with  built-in  pressure  dam,  has  been  undertaken. 
Since  prefabricated  pressure  dams  are  factory-made 
and  tested  under  good  and  stable  circumstance,  they 
were  expected  to  have  high  reliability  with  the  ad¬ 
ditional  advantage  of  saving  man  hours  of  instal¬ 
lation. 

Development  of  pressure  dam  cable 
Requirements  for  pressure  dam  cable 

Factory-made  pressure  dam  cables  are,  first 
of  all,  required  to  be  perfectly  gas-tight.  Simul¬ 
taneously,  they  must  have  enough  mechanical  streng¬ 
th  to  withstand  shock  and  vibration  during  trans¬ 
portation,  and  also  tension  and  bending  during  in¬ 
stallation.  In  addition,  the  life  of  pressure  dams 
has  to  be  as  long  as  the  associated  cables  under 
vibrations  due  to  traffic,  ambient  temperature 
change  and  other  environmental  conditions.  Upon 
the  development  of  pressure  dam  cables,  taking  the 
above  requirements  into  account,  the  test  require¬ 
ments  shown  in  Table  1  were  established. 

Construction  and  methods  of  making  the  pressure 
dam  cable 

Test  requirements  given  in  Table  1  are  quite 
severe.  In  many  tests  performed  on  pressure  dams 
made  by  conventional  methods,  injecting  generally 
available  epoxy  or  polyurethane  compounds,  most  of 
the  dams  were  not  able  to  keep  gas-tightness  after 
a  few  cycles  of  the  temperature  cycle  test. 

Even  with  factory-made  pressure  dams,  of 
course,  there  are  several  problems  to  be  overcome. 
The  most  important  problem  is  how  to  avoid  leaky 
gaps  caused  by  poor  adhesion  between  the  polyethy¬ 
lene  and  damming  material  or  the  difference  of 
thermal  expansion  coefficients  between  damming 
material  and  other  components  in  the  pressure  dam. 
Various  constructions  and  composing  materials  can 
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be  considered  for  making  pressure  dams  depending 
on  the  method  used  to  prevent  the  possibility  of 
leakage . 

Three  types  of  pressure  dam  described  he re¬ 
in-after,  resulted  from  extensive  trial  work,  have 
different  constructions  and  materials  respectively, 
but  all  of  them  have  excellent  gas-tightness  con¬ 
forming  to  all  the  test  requirements  in  Table  1. 


To  make  the  Type  A  pressure  dam,  the  cable 
sheath,  wrapping  tape  and  bindings  on  conductor 
units  are  removed  from  a  short  section  of  the 
cable,  then  the  cable  core  is  loosened  to  enable 
the  spread  of  the  filling  compound  into  every  gap 
between  the  conductors.  After  a  thin  pipe  of  resi¬ 
lient  material  with  a  longitudinal  slit  is  placed 
over  the  sheath  opening,  the  slit  is  wedge  opened 


Type  A  pressure  dam  (See  Fig.  1) 

The  principle  of  stopping  gas  leakage  in  the 
Type  A  pressure  dam  is  as  follows.  Leaky  gaps 
between  the  different  materials  in  the  pressure 
dam,  created  by  thermal  expansion  and  contraction 
due  to  temperature  changes ,  are  eliminated  by  the 
spring  action  of  a  resilient  body.  Gaps  between 
the  conductor  insulation  and  filling  compound  are 
also  avoided  by  this  function.  A  filling  compound, 
used  in  this  method,  must  have  suitable  elasticity 
and  hardness  to  enable  it  to  follow  and  transfer 
the  resilience  of  the  resilient  body.  That  is  the 
reason  why  a  polyurethane  compound  is  used  in  the 
Type  A  pressure  dams. 

TABLE  1.  TEST  REQUIREMENTS 


Protective  Tape  Wrapping 


Springy  Pipe 

fey 


FIG.  1  TYPE  A  PRESSURE  DAM 
FOR  PRESSURE  DAM  CABLE 


Test  Item 

Requirements 

Temperature  cycle  test 

Dams  are  subjected  to  100  cycles  of  temperature 
variation  from  +70°C  to  -30°C  with  2  hour  period. 

Vibration  test 

Dams  are  vertically  fixed  at  upper  end,  and  a 
vibration  of  10  mm  amplitude  and  300  cycles 
per  minute  is  given  at  the  lower  free  end  for  10 

cycles . 

Low  temperature  test 

After  one  cycle  of  the  temperature  cycle  test, 
dams  are  kept  at  -30°C  for  2  hours,  then 
subjected  to  the  vibration  test  for  10  cycles 
at  room  temperature.  This  test  is  repeated 

5  times . 

Drop  test 

Dams  held  horizontally  are  dropped  on  a  concrete 

floor  from  a  height  of  2.5  meters. 

Impact  test 

A  1.5  Kg  iron  ball  is  dropped  on  the  dam  from  a 
height  of  5  meters. 

Bending  test 

One  end  of  cable  of  1  meter  long  adjacent  to  the 
dam  is  bent  5  times  at  an  angle  of  45  degrees  on 

both  sides  of  axis  of  the  dam. 

Static  load  test 

A  110  Kg  or  210  Kg  (1,200  pair  cable  only)  weight 
is  hung  onto  one  end  of  the  dam  for  over  one  year. 

Tensile  test 

Dams  are  subjected  to  a  tensile  stress  of  500  Kgs 
at  a  pulling  speed  of  100  mm  per  minute. 

Gas  pressure  test 

Dams  are  kept  under  gas  pressure  of  1  Kg/cm2 
at  -30° C  in  all  of  the  above  tests. 
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giving  some  expansion  to  the  pipe.  As  a  final 
step,  the  polyurethane  compound  is  injected  into 
the  dam  portion,  and  the  wedges  are  removed  after 
curing  of  compound  to  recover  the  resilience  of 
the  springy  pipe.  (See  Fig.  2)  This  type  of  pres¬ 
sure  dam  is  rather  heavy  due  to  the  use  of  a  steel 
springy  pipe,  but  relatively  compact. 

Type  B  pressure  dam  (See  Fig.  3) 

The  Type  B  pressure  dam  achieves  gas- tight¬ 
ness  by  injecting  low  density  polyethylene,  as  a 
damming  material, into  the  cable  core  of  the  poly¬ 
ethylene  insulated  conductors.  Since  this  type  of 
pressure  dam  is  homogeneous  in  composing  materials 
except  for  the  copper  conductor,  excellent  gas- 
tightness  is  obtained  because  of  little  possibility 
in  creating  leaky  gaps  between  the  materials  in  the 
dam. 

In  making  the  Type  B  dam,  an  exposed  and  loos¬ 
ened  cable  core  in  the  same  way  as  type  A  is 
enclosed  in  a  moulding  case  then  preheated.  After 
preheating,  low  density  polyethylene  is  injection 
moulded  into  the  cable  core,  and  the  moulded  dam 
is  covered  with  a  protective  sleeve.  Conductors 
in  the  dam  are  separated  enough  from  each  other  to 
enable  uniform  injection  of  polyethylene  resin. 

This  arrangement  causes  the  dams  to  have  a  rather 
large  diameter. 

Type  C  pressure  dam  (See  Fig.  4) 

In  this  type,  a  newly  formulated  epoxy  com¬ 
pound  is  filled  and  squeezed  into  the  cable  core, 
and  hardened  under  pressure. 


Polyethylene  insulated  conductors  with  special  sur¬ 
face  treatment  are  used  so  as  to  obtain  satisfactory 
adhesion  between  conductor  insulations  and  the 
epoxy  compound.  Another  protective  mould  of  a 
polyurethane  compound  is  provided  over  the  epoxy 
moulding.  As  the  cable  core  with  the  filling  com¬ 
pound  is  squeezed  to  force  air-gaps  and  bubbles 
out,  pressure  dams  with  thinner  diameter  are  ob¬ 
tained  by  this  method. 

Each  of  these  three  types  of  pressure  dam  have 
merits  and  demerits,  however,  they  have  good  enough 
functions  as  pressure  dams.  Since  there  was  no 
difference  in  the  convenience  of  installation  work 
among  the  three  types  of  dam,  no  necessity  to  stan¬ 
dardize  the  type  of  pressure  dam  existed.  Conse¬ 
quently,  all  of  the  three  types  of  pressure  dam 
have  been  allowed  in  the  specification  and  put 
to  use. 

Kinds  of  pressure  dam  cable 

Pressure  dam  cables  for  rising  points,  where 
feeder  cable  and  distribution  cable  are  jointed, 
are  CCP  Stalpeth®  cables  with  1200  or  less  pairs 
provided  with  a  factory-made  pressure  dam.  Cable 
sizes  have  been  standardized  to  400,800  and  1,200 
pairs  of  0.4mm  conductor  only  for  easy  supply  and 
simplified  plant  design.  From  experience,  cable 
lengths  have  been  also  standardized  to  four  fixed 
lengths  of  20,  25,  30  and  40  meters  with  options 
for  longer  cables  than  40  meters  to  actual  require¬ 
ments  . 
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Wedge 


a)  Before  Polyurethane  Injection 


Protective  Sleeve 

Bonding  Wire 
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Low  Density  Polyethylene 


FIG.  3  TYPE  B  PRESSURE  DAM 


b)  After  Curing  of  Polyurethane 
FIG.  2  FUNCTION  OF  SPRINGY  PIPE 


Heat  Shrinkable  Tube 


Bonding  Wire 


Polyurethane  Compound 


FIG.  4  TYPE  C  PRESSURE  DAM 
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The  kinds  of  cable  and  their  dimensions  are 
shown  in  Table  2.  The  maximum  dimensions  of  com¬ 
pleted  pressure  dams  have  been  specified  as  given 
in  Table  3  for  the  convenience  of  installing  the 
pressure  dams  vertically  along  telephone  poles. 

Field  tests  of  the  pressure  dam  cable 

The  factory-made  pressure  dams  proved  their 
excellent  performance  as  a  gas  dam  passing  through 
various  accelerated  aging  tests.  However,  as  the 
pressure  dams  have  larger  diameter  and  lower  yield 
strength  than  those  of  associated  cables,  the 
cables  with  a  dam  cannot  be  pulled  through  under¬ 
ground  ducts.  This  situation  limits  the  method  of 
installation  to  a  certain  extent.  For  instance, 
while  rising  cables  are  usually  pulled  into  under¬ 
ground  ducts  towards  rising  poles,  cables  with  a 
dam  have  to  be  installed  from  rising  poles  towards 
underground  ducts. 

There  was  concern  that  this  limitation  may 
complicate  and  hinder  installation  work.  Then, 
field  tests  to  confirm  the  feasibility  of  instal¬ 
lation  work  were  conducted  using  about  40  pressure 
dam  cables  of  various  lengths.  The  test  results 
proved  that  the  convenience  of  installation  work 
of  pressure  dam  cables  was  the  same  as  that  of 
ordinary  cables.  It  was  true  with  the  restriction 
of  pulling  direction  and  even  in  case  of  the  tele¬ 
phone  poles  with  a  platform  or  distribution  cabi¬ 
net.  Furthermore,  no  special  tools  were  needed 
for  the  installation. 

The  pressure  dam  itself  and  the  cable  portion 
close  to  the  dam  is  not  so  flexible  that  conven¬ 
tional  cable  drums  can  be  used  for  storage  and 
transportation.  New  type  of  drums,  therefore, 
have  been  developed  suitable  to  accomodate  and 
protect  several  pressure  dams  and  associated 
cables  on  a  single  drum  allowing  easy  winding  and 
unwinding. 

Electrical  properties 

The  pressure  dam  cables  have  the  following 
electrical  properties  at  20°C. 

Conductor  resistance:  The  DC  resistance  of  any 
conductor  is  nominal  139.0Q/Km,  and  not  more  than 
147.5^/Km  at  maximum. 

Dielectric  strength  :  The  insulation  between  any 
conductor  and  all  other  conductors,  aluminum  tape 
and  steel  tape  tied  together  and  grounded,  is 
capable  of  withstanding  a  DC  potential  of  500 
volts  or  AC  350  volts  of  50  Hz  or  60  Hz  for  one 
minute  without  breakdown. 

Insulation  resistance:  The  insulation  resistance 
between  any  conductor  and  all  other  conductors , 
aluminium  tape  and  steel  tape  tied  together  and 
grounded  is  not  less  than  10HKM  .  The  measurement 
is  made  with  a  DC  potential  of  not  less  than  100 
nor  more  than  500  volts  applied  for  from  1  to  3 
minutes . 

Mutual  capacitance:  The  average  value  of  mutual 
capacitances  of  each  length  is  not  more  than 
5.5  nano farads  per  100  meters  as  measured  at  a 
frequency  of  1  KHz. 


Future  view  of  pressure  dam  cables 

The  introduction  of  the  pressure  dam  cables 
to  jointing  points  of  the  pressurized  feeder  cable 
and  non-pressurized  distribution  cable  has  highly 
elevated  the  reliability  of  pressurized  cable  sys¬ 
tems  as  well  as  saved  man-hours  of  installation 
work.  These  pressure  dam  cables  were  first  put 
into  field  service  in  January  1971  in  cold  climate 
area.  After  the  production  capacity  of  the  manu¬ 
facturers  had  expanded,  the  application  was  spread 
throughout  the  country  in  September  1971. 

Pressure  dams  are  also  made  at  terminations 
of  feeder  cable  in  exchange  offices,  and  are  pre¬ 
pared  by  injecting  compound  into  cable  joints  at 
installation  site.  Attempts  were  made  to  make 
pressure  dam  cables  for  the  termination  with  simi¬ 
lar  requirements  as  those  for  rising  cables.  The 
result  of  the  studies  has  showed  that  the  same 
methods  are  applicable  to  this  purpose.  At  present, 
several  trial  pressure  dam  cables  of  full  size  for 
termination  are  being  field  tested.  The  cable 
termination  in  exchange  offices  needs  a  valve  for 
pressure  gas  charging,  and  pressure  dam  cables 
with  a  gas  valve  built  into  the  dam  itself  have 
been  developed.  If  field  tests  on  pressure  dam 
cables  for  termination  with  a  built-in  gas  valve 
give  satisfactory  results  ,  the  built-in  gas  valves 
will  also  be  applied  to  pressure  dams  for  rising 
cables . 

Conclusions 

The  introduction  of  prefabricated  pressure 
dam  cables  has  highly  improved  the  reliability  of 
pressurized  cable  systems,  also  largely  saved  man 
hours  of  installation  work.  Further  studies  are 
being  made  to  make  pressure  dams  more  neat  and 
compact  and  to  rationalize  methods  of  packing  and 
transportation. 
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TABLE  2.  KINDS  OF  CABLE  AND  THEIR  DIMENSIONS 


Cable  Size 
(mm-pair) 

Actual  No. 
of 

pairs 

Nominal  Dia. 
of  cable  core 
(mm) 

Average  thick 
of  PE  sheath 
(mm) 

Overall  Dia. 
of  cable 
(mm) 

0.4  -  400 

400 

32 

Min.  1.5 

39 

0.4  -  800 

800 

44 

„  1.9 

53 

0.4  -  1,200 

1,200 

51 

„  2.0 

60 

TABLE  3.  DIMENSIONS  OF  PRESSURE  DAM 


Cable  Size 
(mm-pair) 

Length  L 

(mm) 

Diameter  d 

(mm) 

0.4-  400 

0.4  -  800 

0.4  -  1,200 

Max.  700 

„  800 

n  800 

Max.  85 

„  105 

n  125 
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SZ  TWISTING  AND  STRANDING  OF  COMMUNICATIONS  CABLES 
USING  ROTATING  ACCUMULATORS  WITH  PERIODICALLY  CHANGING 

CAPACITY 

D.  Vogelsberg 
SIEMENS  AG 
Berlin,  Germany 


Summary 

This  paper  deals  with  the  SZ  method 
with  "breathing"  double  accumulators  whixh 
is  characterized  by  the  completely  uni¬ 
form  rotational  movement  of  the  accumu¬ 
lator  arrangement  and  the  constant  inlet 
and  outlet  speeds  of  the  material _ to  be 
twisted  and  stranded.  It  allows  high-speed 
star  quad  twisting  and  unit  stranding  in 
one  single  operation  (about  100  m/min) 
without  applying  special  adhesives  at  lay 
reversal  points. 

Introduction 

The  economy  of  the  manufacture  of  com¬ 
munications  cables  is  being  increasingly 
affected  by  rising  personnel  expenses.  In 
order  to  counteract  this  development  there 
is  in  the  field  of  communications  cables 
stranding  the  tendency  to  combine  several 
up to  now  separate  twisting  and  stranding 
operations  in  one  single  operation(Fig. 1 ) 
and  to  save  in  this  way  a  part  of  that 
labor  which  has  so  far  been  necessary  for 
the  time-consuming  exchange  of  reels. 


Fig.  1  Combined  twisting  and  stranding 
operations 

One  method  for  the  combination  of  ope¬ 
rations  is  the  SZ  twisting  and  stranding, 
i.  e.  the  twisting  and  stranding  with 
section-wise  reversing  direction  of  lay 
(Fig.  2)1.7,8,16. 

It  can  be  carried  out  between  sta¬ 
tionary  pay-off  and  take-up  stands.  Only 
a  minor  part  of  the  material  to  be  twisted 
and  stranded  needs  to  swing  around  the 
stranding  axis  or  to  be  encircled  by  a 


stranding  flier.  In  principle,  it  is  there¬ 
fore  possible  to  combine  as  many  twisting 
and  stranding  operations  as  one  likes  or 
even  to  link  them  up  with  the  core  manu¬ 
facture  or  sheathing  operations  by  using 
relatively  light  twisting  and  stranding 
devices. 


Fig.  2  Origin  of  the  term  "SZ  Stranding" 
a)  S  twist  b)  Z  twist  c)  SZ  twist 


SZ  Twisting  and  Stranding 
of  Local  Cables 


The  application  of  the  SZ  twisting  and 
stranding  method  is  particularly  economic 
with  regard  to  the  manufacture  of  local 
cables.  Today,  the  bunching  technique 
gains  more  and  more  ground  for  the  pro¬ 
duction  of  these  cables.  In  view  of  the 
desired  good  electrical  and  mechanical 
properties  as  well  as  for  reasons  of  iden¬ 
tification  and  installation,  in  most  cases 
the  following  make-up  elements  are  chosen 
for  multi-pair  cables  (Table  l): 
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A 

pairs  or  star  quads 

B 

basic  units, 

e.g.  made  up  of  25  pairs  or  5  quads 

C 

main  units, 

e.g.  made  up  of  4,5,  6  or  10 basic  units 

D 

cable  core, 

made  up- of  several  main  units 

Table  1 :  Make-up  elements  in 

unit-stranded  local  cables 

The  Western  Electric  Co.  were  the  first 
to  apply  on  a  large  scale  the  SZ  stranding 
method  for  the  combined  basic  unit  and 
main  unit  stranding2,  i.  e.  the  combined 
manufacturing  of  B  and  C.  A  swinging  lay 
plate  operating  with  alternating  direction 
of  rotation  is  used^*4  by  which,  for 
example,  25  pairs  are  combined  to  one 
basic  unit  with  reversing  direction  of 
lay  (Fig.  3). 


the  air  over  several  meters  and  is  twisted 
section-wise  in  reverse  directions  by  means 
of  an  alternately  rotating  stranding  sup¬ 
port  (Fig.  4).  In  this  way,  for  example, 
sections  of  10  m  length  with  constant  di¬ 
rection  of  lay  are  produced.  This  method 
has  well  proved  for  the  combined  basic 
unit  and  main  unit  stranding  of  PE  insu¬ 
lated  local  cables  composed  of  pre-fabri- 
cated  star  quads,  i.  e.  also  for  the  com¬ 
bination  of  B  and  C  as  shown  in  Table  1 . 


rotating  support 


t 

revolutions 
per  minute 


I 

twists 
per  Length 


Fig.  4  SZ  method  using  a  rotating 
stranding  support 


Fig.  3  SZ  stranding  using  a  rotating 
lay  plate 


This  method  which  could  be  further  im¬ 
proved  by  the  employment  of  several 
lay  plates  ^  distinguishes  by  a  rever¬ 
sal  of  the  direction  of  lay  after  every 
stranding  lay  or  after  several  stranding 
lays  each.  Thus  in  many  cases  a  sufficient 
decoupling  of  neighboring  units  is  given. 
For  higher  demands  regarding  the  elimina¬ 
tion  of  crosstalk,  the  Siemens  AG  has  de¬ 
veloped  a  suitable  process6  where  the 
strand  is  run  straightened  freely  through 


To  realize  by  which  twisting  and  strands 
ing  operations  the  most  manpower  can  be 
saved  let  us  look  at  the  case  of  a  produc¬ 
tion  consisting  of  separate  operation  steps, 
A  to  D.  Approximately,  the  following  labor 
would  be  needed: 


operation 

A 

B 

c 

D 

manufacture 

of 

pairs 

or 

quads 

basic 

units 

main 

units 

cores 

percentage 
of  machine 
operators 

55  % 

25  % 

10  % 

10  % 

sum 

100  % 

Table  2:  manpower  demand  for  separate 
twisting  and  stranding 
operations 
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combination  of 
twisting  and  stranding 
operations 

A  +  B 

B  +  C 

C  +  D 

pair  or  quad 
twisting  and  basic 
unit  stranding 

basic  and  main 
unit  stranding 

main  unit  and 
core  stranding 

saving  of  operators 

40  % 

17  % 

out  of 

consideration 

Table  3:  Saving  of  manpower  with  combined  operations 
(100  %  =  total  personnel  demand  for  separate 
twisting  and  stranding  operations) 

When  combining  two  operations,  the  ex¬ 
change  of  the  reels  is  once  avoided  for 
each  operation  so  that  -  as  experience 
shows  -  only  about  half  the  number  of  ope¬ 
rators  would  be  required.  The  combination 
of  A  and  B  results  in  a  personnel  require¬ 
ment  of  only  40  %  for  both  these  opera¬ 
tions  as  against  55  %  +  25  %  =  80  %  in  the 
case  of  separate  operations. 

Table  3  shows  that  it  is  highly  attrac¬ 
tive  to  combine  the  pair  or  quad  twisting 
with  the  next  following  stranding  opera¬ 
tion  even  if  a  large  capital  expenditure 
for  machinery  would  be  necessary.  This 
applies  all  the  more  since  further  wage 
rises  can  be  expected  in  the  next  years 
and  it  will  become  more  and  more  difficult 
to  compensate  this  increase  of  costs. That 
is  why  manpower- saving  manufacturing  me¬ 
thods  will  be  of  ever-increasing  impor¬ 
tance  in  future. 

In  the  following  those  SZ  methods  are 
treated  that  are  suitable  for  the  com¬ 
bination  of  pair  and  quad  twisting  respec¬ 
tively  with  basic  unit  stranding. 

SZ  Methods  for  Twisting 
Pairs  or  Star  Quads 

SZ  Pair  Twisting 

As  far  as  we  know,  the  twisting  of  wire 
pairs  according  to  an  SZ  method  and  bunch¬ 
ing  of  these  pairs  in  one  single  operation 
has  so  far  been  carried  out  only  in  Germa¬ 
ny  (by  Siemens  AG).  The  thus  treated  ca¬ 
bles  are  not  local  cables  but  PVC  insulated 
switchboard  cables  with  0.4  to  0.6  mm  con¬ 
ductor  diameter.  The  previously  mentioned 
method  as  illustrated  in  Fig.  4  is  ap¬ 
plied^5.  10  wires  are  supplied  from  statio¬ 
nary  pull-off  stands  to  5  twisting  nipples 
and  are  parallely  twisted  to  5  pairs  by 
simple  twister  tools  (Fig.  5).  These  pairs 
are  fed  to  a  unit  stranding  nipple  and 
conventionally  bunched  during  same  ope¬ 
ration.  A  characteristic  feature  is  the 


Fig.  5  Combined  pair  twisting  and 
bunching  similar  to  Fig.  4 


very  long  section  between  pair  twisting 
nipple  and  twister  tool  where  the  pair 
involved  is  already  partly  twisted.  The 
pull-off  speed  amounts  at  present  to 
70  m/min  and  can  be  further  increased. 

This  SZ  twisting  has  proved  very  well  in 
the  normal  manufacture.  The  same  method 
is  also  applied  for  the  twisting  of  ele¬ 
ments  composed  of  3  or  5  wires  to  switch¬ 
board  cables. 

SZ  Star  Quad  Twisting 

Plastic  insulated  local  cables  for  the 
German  Post  Office  consist  of  basic  units 
with  5  quads  each.  5  or  10  basic  units 
are  stranded  to  main  units  and  subsequent¬ 
ly  to  the  cable  core. 

For  this  reason,  there  is  much  interest 
in  Germany  as  well  as  in  other  countries 
in  an  SZ  method  being  suitable  for  quad 
twisting.  The  application  of  such  methods 
has  been  reported  in  the  literature'*8. 

The  solutions  described  there  distinguish 
by  the  employment  of  a  roller-type  accu- 
mular  arrangement  with  constant  take-up 
capacity  which  changes  periodically  its 
direction  of  rotation  (Fig.  6a)  or  which 
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Fig.  6  Star  quad  twisting  methods 
using  an  accumulator  with 
constant  take-up  capacity 

is  operated  with  periodically  alternating 
pull-off  speed  (Fig.  6b) 

Both  these  methods  involve  the  risk 
that  the  twisted  quad  will  disintegrate 
in  the  neighbourhood  of  the  lay  reversal 
points.  For  this  reason,  mostly  an  adhe¬ 
sive  is  applied  at  the  reversal  points 
for  which  an  additional  equipment  is  re¬ 
quired. 

It  has  been  our  aim  to  develop  an  SZ 
quadding  method  where  speeding  and  slowing- 
down  problems  -  also  at  high  output  rates  - 
are  only  of  minor  importance  and  where  the 
danger  of  untwisting  at  reversal  points 
does  virtually  not  exist.  Such  an  SZ 
method  is  being  presented  here. 

A  characteristic  feature  is  the  employ¬ 
ment  of  a  rotating  accumulator  with  conti¬ 
nuously  increasing  or  decreasing  take-up 
capacity,  the  so-called  "breathing"  accu¬ 
mulator.  The  basic  idea  of  a  single 
"breathing"  accumulator  has  been  drafted 
independently  of  each  other  in  the  United 
States,  in  Japan,  Germany,  and  Great  Bri¬ 
tain  during  the  years  from  1965  to  1967 
and  patents  have  been  applied  for  respec- 
tively9>10>H The  basic  concept  has 
been  further  developed  to  the  especially 
effective  "breathing"  double  accumulator 
arrangement  (Fig.  9)  which  allows  practi¬ 
cally  uniform  operation  like  conventional 
twisting  or  stranding  machines"^*14. 

SZ  Twisting  and  Stranding 

by  Means  of  Breathing  Accumulators 

Principle  Idea 

The  elements  to  be  twisted  or  stranded 
are  fed  over  a  stranding  nipple  to  an  ac¬ 
cumulator  uniformly  rotating  at  a  speed  n 
and  constantly  increasing  or  decreasing 
its  capacity  (Fig.  7).  In  the  most  simple 


Fig.  7  SZ  twisting  or  stranding 

using  a  single  accumulator 
with  periodically  changing 
capacity 


case  the  change  in  the  accumulator  capa¬ 
city  takes  place  periodically  and  section- 
wise  linear  according  to  a  saw-tooth  func¬ 
tion  (Fig.  7b).  Let  the  pull-off  speed  at 
the  accumulator  outlet  be  designated  v0. 

As  a  result  of  the  continuous  change  in 
the  accumulator  capacity  the  inlet  velo¬ 
city  changes  between  two  values  different 
from  v0.  Since  the  rotational  speed  is 
constant,  sections  with  different  lengths 
of  lay  but  with  equal  direction  of  lay 
are  alternating  within  the  accumulator. 

When  leaving  the  accumulator  the  al¬ 
ready  existing  alternating  twist  is  super¬ 
imposed  by  a  constant  reversing  twist. 
Therefore,  the  finished  twisted  strand 
leaving  the  accumulator  reverses  its  di¬ 
rection  of  lay  periodically  at  intervals 
of  1-|,  ±2  (Fig.  7c)  which  means  that  it 
is  SZ  stranded. 

By  changing  the  accumulator  back  and 
forth  movements,  the  lenghts  of  lay  within 
the  accumulator  and  after  leaving  the 
accumulator  can  be  chosen  generously.  Use¬ 
ful  parameters  for  dimensioning  are  the 
quotients  1-|/10  and  I2A0  respectively, 


max.  changing  rate  in 
accumulator  capacity 

length  entering  the  accumulator 
during  capacity  increase 

length  entering  the  accumulator 
during  capacity  decrease. 

quad  twisting,  the  use  of  the  pa- 

Vlo  -  VJo  ■  -  2’° 


where 


For  the 
rameter 
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has  proved  functional.  Thus,  a  constant 
length  of  lay  over  the  whole  length  of 
the  finished  quad  is  obtained: 


s 


(D 


with  alternating  signs.  Since  two  rota¬ 
tions  of  the  accumulator  produce  one  length 
of  lay,  this  method  can  be  designated  as 
a  "half-twist"  method. 


For  the  lengths  of  lay  within  the  accu- 
mular,  the  following  equations  apply: 


sf 


-1  vo 

'  n 


or 

-1  vQ 

s’  =  T+l0/l  *  TT 


2,0  ^  (2) 

0,66  ^  .  (3) 


It  is  shown  that  these  lengths  are  not 
longer  than  the  final  lengths  of  lay  as 
per  Eq.  ( 1 ) . 

Since  also  the  direction  of  lay  does 
not  change  within  the  accumulator,  a  cross¬ 
ing  of  wires  in  the  accumulator  can  be 
avoided  reliably. 


In  our  special  case,  the  times  of  the 
accumulator  capacity  increase  (t*|)  and 
capacity  decrease  respectively  are 


t 


1  “ 


and 


t 


2  - 


(4) 


(5) 


In  the  case  of  an  accumulator  where  the 
maximum  capacity  changing  rate  is  1  =2. 5m 
and  v0  =  50  m/min  the  following  cycle  of 
accumulator  capacity  change  results: 


t1  +  t2  =  4  lQ/v0  =0,2  min.  (6) 


The  principle  shown  in  Fig.  7  can  be 
applied  without  additional  measures,  if 
the  elements  to  be  twisted  or  stranded 
can  be  pulled  off  supply  stands  (e.  g. 
barrels)  practically  inertialess  with 
alternating  speeds.  If  conditions  are 
different,  it  is  possible  to  pr.e-connect 
a  second  but  non-rotating  accumulator  A 
to  the  rotating  accumulator  B  which 


changes  its  capacity  in  reverse  direction 
but  at  same  rate  as  the  rotating  accumu¬ 
lator  B.  In  this  case,  the  elements  to 
be  twisted  or  stranded  enter  the  first 
accumulator  at  same  constant  speed  as 
they  leave  the  second  accumulator  (Fig. 8). 


i/0=  const 


v*vQ 


x+y=consf 


B 

/  /? — const 
7^ 


vQ = const 


Fig.  8  SZ  twisting  or  stranding 

with  two  complementary  accumu¬ 
lators  (only  one  rotating) 
changing  their  capacities 


It  is,  of  course,  also  possible  to 
interchange  the  functions  of  A  and  B. 

Contrary  to  SZ  methods  with  constant 
accumulator  capacity,  the  modulation  of 
movements  of  the  accumulators  illustrated 
in  Figs.  7  and  8  need  not  be  carried  out 
periodically.  The  stranding  operations 
at  the  accumulator  inlet  and  outlet  must 
not  be  in  tune  with  each  other.  The  move¬ 
ments  could,  for  example,  also  be  modu¬ 
lated  according  to  a  law  of  probability 
in  order  to  avoid  periodic  occurrence  of 
lay  reversal  points  which  could  impair 
transmission  at  higher  frequencies  (e.  g. 
when  PCM  transmission  is  applied). 

Extension  to  the  Double  Accumulator 
Arrangement  Rotating  in  Inverse  Direction 

As  mentioned  before,  there  is  at  the 
lay  reversal  points  a  danger  of  disturb¬ 
ing  the  geometry  of  the  twisted  or  strand¬ 
ed  group  -  involving  above  all  the  star 
quadding.  In  order  to  keep  the  influence 
on  the  electrical  unbalance  small  one 
aims  at  providing  for  large  intervals 
(l>j,  I2)  between  the  lay  reversal  points. 
This  leads  to  the  desire  to  have  the 
largest  possible  accumulator  capacity 
changing  rate  10,  i.  e.  to  use  very  large 
accumulators.  On  the  other  hand,  for 
reasons  of  efficiency,  small  rapidly 
rotating  accumulators  are  desired. 

Both  wishes  lead  to  the  concept  shown 
in  Fig.  9  to  use  two  SZ  accumula¬ 
tors  C  and  D  rotating  in  opposite  direc¬ 
tions  and  changing  their  capacities  in¬ 
versely.  As  shown  in  the  arrangement  of 
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Fig.  8,  the  constant  speed  at  which  accu¬ 
mulator  C  is  entered  corresponds  to  the 
speed  at  which  accumulator  D  is  left. 
Using  the  same  rotational  speed  n,  the 
same  pull-off  speed  v0  and  identical 
maximum  capacity  changing  rates  10  for 
each  accumulator  the  same  lengths  of  lay 
but  double  a  lay  reversal  cycle  L=(li+lo) 
as  against  the  cases  presented  in  Fig.  7 
or  8  can  be  obtained. 
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Fig.  9  SZ  twisting  or  stranding 

with  two  accumulators  with 
changing  capacities  rotating 
in  opposite  directions 


Here,  too,  we  employ  the  parameters 
1^/10  and  l2/1o  for  an  appropriate  dimen¬ 
sioning.  The  symbol  1^  signifies  the 
length  which  enters  accumulator  D  during 
the  period  of  capacity  increase  in  this 
accumulator  whereas  the  length  I2  refers 
to  the  period  of  capacity  decrease  in  the 
accumulator  D. 


For  star  quad  twisting  it  has  proved 
practical  to  use  1>|/10  =  12/1o  =  = 

4.0.  Thus,  the  length  of  lay  of  the  fi¬ 
nished  star  quad  can  be  expressed  by  the 
equation: 

-  V  V  _ 

(7) 


1  Vo  +v0 

s  =  ±2i;--  =  ±- 


Within  accumulator  C  the  length  of  lay 
is  given  by  the  equation: 


or 


(8) 

For  accumulator 

D,  it 

applies: 

1 

%  _ 

-20^ 

(9) 

SD  -  "  1-210/I  ‘ 

n 

n 

1 

%  _ 

v 

-0  66  — 
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n 

u,oo 

It  is  remarkable  that 
l  e  direction  of  lay 

there  is  only 
within  each  accu- 

through  the  accumulators  but  are  formed 
only  when  leaving  the  last  accumulator. 
Therefore,  crossing  of  wires  within  a  star 
quad  can  be  reliably  avoided  also  with 
the  double  accumulator  arrangement. 

For  the  times  t-j  and  t2  of  the  accumu¬ 
lator  capacity  increase  and  decrease, 

Eqs .  (4)  and  (5),  which  were  given  for  the 
single  accumulator  arrangement,  are  valid. 

Performance  of  Two  Different  Types  of 
Twisting  or  Stranding  Operations  with 
Complementary  Accumulators  of  Changing 
Capacities 

As  mentioned  before,  the  SZ  method  is 
suitable  for  producing  e.  g.  five  star 
quads  in  one  single  operation  and  to 
strand  these  immediately  to  a  basic  unit. 
The  method  using  "breathing"  accumulators 
offers  a  special  possibility  (Fig.  10): 
Four  wires  each  are  twisted  to  star  quads 
by  means  of  five  single  accumulators  E 
with  changing  capacities  and  constant 
rotational  speed.  Five  such  star  quads 
are  led  to  a  stranding  nipple  and  to  a 
further  rotating  single  accumulator  F  with 
changing  capacity  which  they  finally  leave 
as  a  finished  basic  unit.  The  changes  in 
capacities  of  the  parallelly  arranged 
quadding  accumulators  E  are  tuned  to  the 
change  in  capacity  of  F  in  such  a  manner 
that  the  speed  at  which  the  quadding  accu¬ 
mulators  E  are  entered  and  the  speed  at 
which  the  basic  unit  leaves  accumulator  F 
are  constant  and  identical.  This  means 
that  constant  inlet  and  outlet  speeds  are 
obtained  within  the  entire  arrangement  by 
using  a  particularly  small  number  of  ro¬ 
tating  accumulators. 


E 


Fig.  10  The  combination  of  two  different 
twisting  or  stranding  operations 
using  complementary  accumulators 
with  changing  capacities 

Favorable  Constructional  Principles 
Since  two  accumulator  rotations  are 
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necessary  for  one  length  of  lay,  the  SZ 
twisting  and  stranding  method  with 
"breathing”  accumulators  operates  with 
relatively  high  rotational  speeds.  In 
order  to  obtain  large  outputs  despite 
this  fact,  the  accumulators  are  designed 
such  that  the  constantly  rotating  mass 
is  kept  very  small.  The  constructional 
elements  required  for  the  accumulator 
capacity  increase  and  decrease  are  ar¬ 
ranged  in  such  a  manner  that  they  need 
not  rotate  around  the  stranding  axis. 

Fig.  11  shows  a  similar  arrangement. 
The  accumulator  consists  of  two  roller 
groups  G  and  H  which  are  pivoted  in  two 
frames  I  and  K.  Only  the  roller  groups 
G  and  H  and  their  holding  devices  re¬ 
volve  around  the  stranding  axis,  thus 
allowing  a  rotational  speed  of  at  least 
3,000  rpm. 
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Fig.  12  Double  accumulators  operating  in 
parallel  with  common  control  of 
the  accumulator  capacity 


Fig.  11  An  advantageous 

constructional  principle 


One  of  the  two  frames  I  or  K  carries 
out  a  movement  to  and  fro  towards  the 
stranding  axis  by  which  the  change  in 
the  accumulator  capacity  is  effected. 

Even  if  the  direction  of  large  masses  is 
reversed  towards  the  stranding  axis, 
their  acceleration  is  not  critical  since 
the  movements  towards  the  stranding  axis 
are  very  slow.  Four  to  six  windings  per 
accumulator  have  proved  favorable. 

Fig.  12  shows  such  an  arrangement 
with  several  double  accumulators  operat¬ 
ing  in  parallel.  Only  the  middle  frame  L 
moves  to  and  fro  relatively  slowly  there¬ 
by  changing  inversely  the  capacities  of 
the  roller-type  accumulators  shown  at 
the  left  and  right  in  the  illustration. 
The  to  and  fro  movements  of  the  middle 
frame  L  can,  for  example,  be  carried  out 
by  using  a  cross  threaded  spindle. 

Experience  shows  that  the  centrifugal 
stress  acting  on  the  star  quads  or  units 
within  the  accumulator  frequently  limits 
the  machine  speed.  Here,  it  is  advan¬ 
tageous  to  employ  accumulators  where  the 
material  to  be  twisted  or  stranded  -  as 


Fig.  13  Accumulator  with  reduced  centri¬ 
fugal  stress  on  the  material  to 
be  twisted  or  stranded 


far  as  it  moves  freely  through  the  air 
within  the  accumulator  -  is  run  in  the 
immediate  neighbourhood  of  the  twisting 
axis  so  that  a  centrifugal  stress  does 
no  longer  exist.  An  example  is  given  in 
Fig.  13. 


Application  Examples 
Quadding  Equipment 

A  five-fold  quadding  equipment  as  shown 
in  Fig.  12  has  been  developed  by  which  20 
plastic  or  paper-insulated  wires  with 
0.4  mm  conductor  diameter  can  be  twisted 
to  5  star  quads  in  one  parallel  operation 
(Fig.  14).  The  equipment  is  designed  such 
that  it  can  be  pre-connected  to  any 
bunching  machine  so  that  -  beginning  with 
single  wires  -  basic  units  can  be  pro¬ 
duced  in  one  single  operation. 

The  wires  are  pulled  off  supply  reels 
(not  shown  in  the  illustration) "overhead" 
with  constant  pull-off  speed  vQ  and  run 
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Fig.  14  5-fold  star  quad  twisting  equipment  as  per  Fig.  12 
for  plastic  or  paper  insulated  wires  having  a 
conductor  diameter  of  0.4  mm 


from  left  to  right  via  quadding  nipples 
into  five  double  accumulator  arrangements. 
The  quadding  accumulators  rotating  in 
opposite  directions  -  two  of  which  are 
arranged  one  after  the  other  - 
change  their  capacities  inversely  thus 
modulating  the  pull-off  speed  at  the  tran¬ 
sition  point  between  two  accumulators. 
Despite  the  constant  rotary  movement  of 
the  accumulators,  the  star  quads  leaving 
the  accumulators  on  the  right-hand  side 
at  a  constant  speed  vQ  are,  in  this  way, 
given  a  periodically  alternating  direction 
of  lay. 

The  five  accumulators  are  arranged  one 
on  top  of  the  other  with  a  slight  lateral 
displacement  and  can  in  case  of  trouble 
be  serviced  from  one  side. 

The  horizontally  movable  middle  frame 
carries  out  one  to  and  fro  movement  every 
24  seconds  at  a  pull-off  speed  of  50  m/mi n 
so  that  the  direction  of  lay  in  the  fi¬ 
nished  quad  changes  about  every  10  meters. 


The  reversal  is  effected  by  two  threaded 
spindles  arranged  above  and  below  whose 
rotational  speed  and  direction  are  changed 
periodically. 

On  the  right-hand  side,  the  finished 
quads  are  led  via  length- shifting  accu¬ 
mulators  with  constant  velocity  v0  to  the 
subsequent  basic  unit  stranding  equipment. 
The  length-shifting  accumulators  are  discs 
looped  one  or  several  times.  They  have  the 
effect  that  the  lay  reversal  points  of  the 
individual  quads  which  are  subjected  to 
unavoidable  geometrical  disturbances  will 
be  spatially  staggered  in  the  finished 
basic  unit  so  that  the  influence  of  quad- 
to-quad  balances  will  be  negligibly  small. 

The  above  described  quadding  equipment 
was  combined  with  a  conventional  flier 
bunching  machine  for  the  production  of 
basic  units.  A  trial  manufacture  where 
this  combined  machine  operating  with 
50  m/min  pull-off  speed  was  used  for  the 
production  of  PE-insulated  local  cables 
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proved  successsful.  The  application  of  an 
adhesive  at  the  lay  reversal  points  was 
not  necessary. 

The  obtained  capacitance  unbalances  are 
compiled  in  Table  4  together  with  the  data 
of  conventionally  twisted  and  stranded 
PE-insulated  local  cables  with  0.4  mm  con¬ 
ductor  diameter"*  5  # 

Not  only  the  capacitance  unbalances  but 
also  all  other  electrical  and  mechanical 
properties  correspond  to  those  of  conven¬ 
tionally  twisted  and  stranded  cables. 

The  Basic  Unit  Stranding  Equipment  with 
Breathing  Accumulators 

Frequently,  it  is  advantageous  to  pro¬ 
duce  not  only  star  quads  but  also  the 
therefrom  formed  basic  units  by  SZ  twisting. 
In  this  case,  for  example,  sheathing  ope¬ 
rations  could  be  added  so  that  it  would  be 
possible  to  produce  small-seized  cables 
with  plastic  sheaths  out  of  single  wires 
in  one  operation. 


corresponds  to  the  already  known  equip¬ 
ment  shown  in  Fig.  14. 

The  basic  unit  stranding  part  is  il¬ 
lustrated  in  Fig.  15.  This,  too,  is  a 
double  accumulator  arrangement  as  shown 
in  Fig.  9.  Each  accumulator  is  capable 
of  storing  4  1/2  windings.  The  direction 
of  lay  of  the  finished  basic  unit  re¬ 
verses  at  intervals  of  about  20  m. 

A  central  spinner  provides  the  f  ini  shad 
basic  unit  with  an  identification  and 
holding  helix  before  it  runs  over  a  sta¬ 
tionary  pull-off  disc  to  a  take-up  device 
not  shown  in  Fig.  15. 

The  taking-up  will  be  dropped,  if  the 
quadding  and  basic  unit  stranding  equip¬ 
ments  are  combined  with  a  sheathing  line 
or  a  main  unit  stranding  machine. 

In  the  test  operation,  the  described 
double  SZ  stranding  machine  for  the  pro¬ 
duction  of  quadded  and  bunched  units  has 
proved  to  be  suitable  for  PE-insulated 


kind  of 

capacitance 

unbalance 

SZ  twisted  star  quads 

conventionally  twisted 
star  quads 

mean  value 

max. value 

number  of 

mean  value 

max. value 

number  cf 
measured 
values 

pF/300  m 

measux eu 

values 

pF/300  m 

within  the 
quad 

ki 

46 

274 

200 

44 

300 

1850 

between 
different 
quads  within 
a  basic  unit 

k9 

to 

k12 

13 

56 

400 

13 

70 

740 

between 
different 
basic  units 
within  a 
main  unit 

11 

5 

_ 

22 

200 

4 

18 

1600 

Table  4: 


Capacitance  unbalances  of  polyethylene-insulated  local  cables 
with  0.4  mm  conductor  diameter  SZ  twisted  and  conventionally 
stranded  to  a  basic  unit  in  one  single  operation. 

(For  reasons  of  comparison  the  data  obtained  with 
conventional  type  of  twisting  have  also  been  listed.) 


A  combined  quadding  and  bunching  ma¬ 
chine  with  SZ  stranding  of  basic  units 
distinguishes  by  the  requirement  of  a 
particularly  small  amount  of  machinery. 

Such  a  trial  machine  for  0.4  mm  con¬ 
ductor  diameter  has  been  developed  and 
tested  successfully.  The  quadding  part 


as  well  as  paper-insulated  cables  with 
0.4  mm  conductor  diameter  without  apply¬ 
ing  an  adhesive.  The  obtained  capacitance 
unbalances  correspond  to  those  compiled 
in  Table  4.  Recently,  the  pull-off  speed 
was  increased  to  100  m/min.  Further  in¬ 
vestigations  have  the  aim  to  design  an  SZ 
quadding  and  stranding  arrangement  for 
0.6  mm  and  0.8  mm  conductor  diameter. 
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Fig.  15  SZ  stranding  equipment  for  producing  a  basic  unit  out  of 

star  quads  fabricated  in  same  operation  (refer  to  Fig.  14) 
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Summary 


The  crosstalk  level  of  symmetrical  telephone 
cables  has  always  been  considered  as  an  important 
factor.  Today  this  is  much  more  pronounced,  not 
only  lander  special  conditions  in  certain  trunk 
cables  but  also  in  distribution  cables  to  sub¬ 
scribers  and  other  parts  of  the  network.  One 
reason  for  this  is,  that  today  telephone  sets  to 
reasonable  costs  can  be  made  more  efficient  by 
using  semi conductive  technique  as  well  as  more 
effective  material  in  various  components.  Also 
high  frequency  systems  are  used  to  an  increasing 
degree. 

As  a  matter  of  fact,  the  effectiveness  of  a 
telephone  set  is  today  to  some  extent  limited  by 
existing  crosstalk  level.  An  improvement  means, 
that  longer  distances  could  be  spanned  and  a 
reduction  of  conductor  size  would  also  be  possi¬ 
ble,  which  all  opens  interesting  economical 
aspects. 

The  purpose  of  the  idea,  presented  here,  is 
to  reduce  the  crosstalk  by  introduction  of  a  new 
cabling  technique,  where  the  pairs  or  quads  not 
are  assembled  in  concentric  layers  but  repeated¬ 
ly  changing  their  relative  position  to  each 
others  along  the  cable  length.  The  excessive 
build  up  at  couplings  between  discrete  circuits 
is  therefore  reduced  in  a  manufacturing  method, 
that  uses  simplified  equipment  with  low  operating 
costs. 

Introduction 

It  is  natural,  that  the  efforts  to  improve 
the  crosstalk  level  has  been  concentrated  to  the 
pair  or  quad  in  itself.  The  very  first  cables 
were  made  of  concentric  layers  of  single  conduc¬ 
tors  and  the  introduction  of  the  pair  was  the 
first  step  to  reduce  the  crosstalk.  After  that 
followed  theories  regarding  the  relation  of  pitch 
lengths.  Also  was  proposed,  for  instance, 
randomly  varied  pitch  lengths  etc.  Efforts  to 
further  improvements  were,  and  are,  concentrated 
to  the  achieving  of  a  higher  degree  of  close 
tolerances  of  the  various  components  of  the  pair, 
such  as  the  copper  wire  and  the  insulation. 

But  very  little  attention  has  been  paid  to 
the  effect  the  cabling  operation  nray  have  on  the 
crosstalk  properties.  From  the  very  first  day, 
the  elements,  single  conductors,  pairs,  quads, 
or  whatever  the  components  may  have  been,  were 


assembled  to  the  final  cable  by  placing  them  in 
concentric  layers  around  a  center  element.  In 
each  layer  the  components  are  running  in 
parallel  and  adjacent  all  along  the  length. 

Rather  late  was  also  introduced  the  unit,  the 
complete  cable  consisting  of  a  number  of  such 
units,  which  in  themselves  are  small  cables, 
consisting  of  a  fixed  number  of  elements  such 
as  10,  25,  50  or  100  pairs  etc.  But  this  unit  is 
still  built  up  in  concentric  layers.  The  method 
seems  to  be  a  copy  of  the  wire  rope  technique. 
But,  -  does  it  necessarily  correspond  to  the 
demand  of  a  telephone  transmission  system? 

It  is  quite  natural,  that  crosstalk  between 
two  pairs  occurs,  when  they  are  in  the  proximity 
of  each  others.  It  is  also  evident,  that  the 
crosstalk  will  be  higher  when  they  are  in  the 
proximity  for  a  long  distance.  In  the  conventio¬ 
nal  layer  cabling  technique,  the  pairs  are 
running  adjacent,  which  means  as  close  as 
possible  to  each  others,  and  as  long  as  possible, 
which  means  all  along  the  total  cable  length'. 

With  this  technique,  it  is  evident,  that  there 
are  also  combinations  of  pairs,  which  are  situa¬ 
ted  constantly  very  far  away  from  each  others, 
with  very  good  crosstalk  levels.  But,  in  a 
telephone  system,  the  worst  values  in  general 
are  limiting,  and  it  doesn't  help,  that  some  are 
very  good. 

As  a  matter  of  fact,  the  cabling  system 
used  today  can  be  considered  as  the  less  favour¬ 
able  when  related  to  wanted  crosstalk  properties'. 
Any  other,  where  pairs  two  and  two  are  more 
separated,  is  more  corresponding  to  the  trans¬ 
mission  demands. 

The  concentric  layer  system  also  introduce 
systematic  irregularity.  It  is  well  known,  that 
the  mutual  capacitance  of  pairs  have  different 
levels  in  different  layers,  which  also  yields 
for  the  pairs  in  the  center,  giving  systematical 
differencies  in  the  propagation  of  the  signal. 
Also  in  this  case,  the  layer  technique  is  the 
less  favourable. 

Therefore,  besides  the  efforts  to  improve 
the  quality  of  the  elements,  pairs,  quads  etc., 
also  the  introduction  of  another  cabling 
technique  must  be  considered  as  interesting. 
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The  prlnclpe  of  the  new  cabling  technique 

According  to  the  crosstalk  theory,  the  capa¬ 
citance  unbalance  between  two  pairs  is  the  domi¬ 
nant  factor  at  least  at  low  frequency.  If  we  look 
at  a  conventional  cable  of  ten  or  twenty  pairs 
like  in  fig.  1,  it  is  wellknown,  that  unbalances 
are  occur ing  only  between  adjacent  pair  (also  to 
some  extent  between  center  element  and  the  ele¬ 
ments  in  the  first  layer).  Between  other  combina¬ 
tions  the  unbalance  is  negligible.  It  is  also 
known,  that  at  least  the  highest  unbalances  in 
a  cable  increases  almost  with  direct  proportion 
to  the  length. 

If  we  now  consider  the  upper  pair  in  fig.  1, 
the  10  pair  group,  and  let  all  other  nine  pairs 
repeatedly  change  the  position  in  relation  to 
this  special  pair  along  the  cable,  then  one  other 
arbitrary  chosen  pair  will  have  an  adjacent  posi¬ 
tion  only  at  a  fraction  of  the  total  cable  length. 
The  arbitrary  pair  can  have  nine  positions  In 
relation  to  our  studied  pair,  but  of  these  are 
only  two  really  adjacent  and  two  other  positions, 
in  the  center,  can  also  be  considered  as  adjacent. 
Since  capacitive  coupling  only  occurs  when  pairs 
are  adjacent,  unbalances  are  built  up  on  4/9  of 
the  cable  length  with  corresponding  reduction  of 
the  unbalances. 

As  a  matter  of  fact,  this  principle  of 
reduction  of  the  capacitance  unbalances  in  a 
cable  network  installation  since  long  has  been 
used  at  the  splicing  operation  of  the  different 
cable  lengths.  In  that  splicing  method  pairs  in 
one  length  are  chosen  at  random  and  spliced  to 
the  other  length  so  that  two  adjacent  pairs  in 
one  length  are  not  necessarily  spliced  to 
adjacent  in  the  next.  In  that  case,  the  unbalan¬ 
ce  built  up  in  one  cable  length  will  very  unlike¬ 
ly  be  added  to  a  corresponding  high  value  in 
following  length.  It  can  be  said,  that  the 
method  of  reduction  of  high  unbalances  by  random 
splicing  has  been  substituted  by  a  prefabricated 
mixing.  If  random  splicing  has  been  considered 
positive  regarding  build  up  of  high  crosstalk 
values,  then  this  new  method  also  must  be  con¬ 
sidered  as  positive.  Even  to  a  higher  degree, 
since  the  mixing  is  made  on  very  short  lengths 
whereas  the  build  up  on  whole  delivery  conventio¬ 
nal  lengths  can  be  considerable  and  never  will  be 
reduced  by  the  random  splicing. 

It  is  evident,  that  the  mixing  of  the  pairs 
in  a  bigger  group  will  give  even  better  result. 

If  we  study  the  twenty  pair  group  in  fig.  1  we 
find,  that  a  pair  will  be  adjacent  to  another 
arbitrary  pair,  repeatedly  taking  different 
positions  in  the  cable,  at  a  length  of  3/19  of 
the  total  cable  length  and  corresponding  reduc¬ 
tion  should  be  waited.  However,  this  calculated 
reduction,  both  concerning  10  pairs  and  20  pairs 
groups  are  Just  approximately.  The  tendency  is, 
however,  that  the  mixing  of  an  increasing  number 
of  pairs,  will  reduce  the  unbalances  correspon¬ 
dingly.  In  a  100  pair  unit,  for  instance,  the 
resulting  unbalances  would  reach  Just  measurable 
values.  On  the  other  hand,  a  10-pair  group  may 


be  considered  as  the  smallest,  where  this  method 
will  give  reasonable  results.  Considering 
demands  of  suitable  colour  coding  system  and  for 
other  practical  reasons,  the  method  seems 
suitable  for  groups  from  10  pairs  up  to  about 
30  pairs. 

As  already  mentioned,  the  cabling  operation 
differs  from  hitherto  used.  The  pairs,  or  ele¬ 
ments,  whatever  shape  they  have,  are  assembled 
to  a  unit,  at  the  present  10  pair  groups,  with 
the  elements  repeatedly  changing  the  relative 
position  to  each  others.  This  can  be  made  in 
different  patterns.  One  of  them  would  be,  where 
the  pairs  are  moved  within  the  group  according 
to  a  predetermined  systematic  pattern.  This 
could  possibly  have  the  disadvantage,  that  two 
pairs  will  meet  each  others  at  fixed  intervals, 
where  the  crosstalk  occurs,  and  at  high  frequency 
transmission  this  will  happen  at  discrete 
frequencies,  corresponding  to  the  length  of  the 
intervals . 

Another  method,  which  will  be  described  here, 
has  the  mixing  points  distributed  at  random 
distances,  which  would  overcome  this  disadvantages. 

In  both  cases,  the  mixing  of  the  pairs  also 
gives  a  certain  flexibility  to  the  unit  and  could 
in  this  respect  be  compared  to  the  braiding 
operation  of  the  outer  conductor  of  a  flexible 
coaxial  cable. 

Production  methods 

■n 

Since  we  are  operating  with  a  fixed  unit. 

In  our  case  a  10  pair  group.  It  is  natural,  that 
the  twinning  of  such  small  number  of  pairs  could 
be  involved  in  the  same  operation.  Therefore  a 
machine  will  consist  of  following  parts  according 
to  fig.  2s 

1 .  Twinner  unit 

2.  Random  impuls  generator 

3 .  Mixer 

4 .  Binder  head 

5.  Length  measuring  device 

6.  Take  up  unit 

1.  Twinning  unit 

The  ten  twinning  heads  are  assembled 
to  one  unit,  fig.  3*  Since  the  forming 
of  a  pair  in  itself  is  a  simple  operation, 
we  have  tried  to  make  the  machine  corres¬ 
pondingly  simple.  This  was  possible 
also  because  the  speed  was  not  considered 
to  be  necessarily  high.  As  a  side  effect 
to  this  we  found,  that  the  machine  is 
operating  almost  noiseless. 

2.  The  random  impuls  generator 

This  device,  fig.  4,  is  giving  im¬ 
pulses  to  the  mixing  unit  and  is  of  an 
electro-mechanical  design. 
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3.  Mixer 

In  fig.  5  can  be  seen  the  system 
used  to  form  a  bunch  of  ten  pairs,  where 
they  are  positioned  in  a  nonregular  way. 

A  pair  is  entering  a  die,  which  can  move 
back  and  forth  in  a  slot.  This  movement 
is  achieved  by  a  motor,  which  starts  and 
stops  at  pulses  from  the  random  impuls 
device.  The  other  dies  are  guided  by 
own  motors  in  similar  way.  All  pairs 
are  assembled  over  two  rollers,  where 
they  are  laying  flat  in  a  fanshaped  way, 
formed  to  a  round  group  in  a  following 
die.  There  Is  no  systematic  order 
between  the  pairs,  and  they  are  repeated¬ 
ly  changing  their  position  on  the  roller. 

4.  Binder  head 


separate  cables  with  500  pairs  in  each.  These 
500  pairs  were  built  up  in  100  pair  units,  each 
unit  in  subunits  with  10  pairs  each.  In  this 
case  one  cable  was  made  with  the  10  pairs  In  the 
subunit  assembled  according  to  the  new  system  and 
in  the  other  cable  with  the  pairs  in  conventional 
cabling  technique;  Two  pairs  in  centre  and  eight 
in  a  concentric  outer  layer. 

Both  cables  were  fully  coded,  even  the  both 
conductors  in  each  pair.  The  cables  were  deliver¬ 
ed  in  about  200  meter  lengths  and  spliced  accor¬ 
ding  to  the  colour  code.  In  this  case  adjacent 
pairs  in  one  length  of  conventional  cable  are 
spliced  to  adjacent  in  next  etc.  The  result, 
when  totally  1640  meters  were  installed  can  be 
seen  on  fig.  9*  The  cables  are,  except  for  the 
new  mixing  method,  manufactured  under  identical 
conditions . 


After  the  assembling  die  follows  a 
binder,  fig.  6,  which  is  defining  the 
pairs  in  the  order  they  have  entered  the 
die.  The  binder  yam  has  a  suitable 
colour  for  identifying  purpose. 

5.  Length  measuring  device 

Fig.  7  shows  the  length  measuring 
device,  which  also  includes  a  tachometer, 
which  is  syncronizing  the  drive  motors 
of  the  different  components. 

5.  Take  up 

No  capstan  is  used,  which  means, 
that  the  group  is  fed  directly  to  the 
take  up.  Any  suitable  type  can  be  used, 
and  in  fig.  8  is  demonstrated  a  group  of 
four  take  ups,  using  one  common  frame 
with  all  driving  parts  at  the  top,  thus 
leaving  the  floor  free. 

The  components  In  the  production  unit  have  a 
rather  simple  design.  Considering,  that  a  comple¬ 
te  10-pair  group  Is  produced  from  just  twenty 
single  conductors,  the  investment  cost  is  low 
compared  to  a  conventional  way  with  single 
twinning  machines  and  a  suitable  cabling  machine. 
Further,  one  operator  is  considered  sufficient 
for  more  than  one  group  twinner,  thus  giving  also 
a  low  production  cost. 

The  final  assembling  machine,  preferably  of 
a  drum  twister  type  can  also  be  made  rather 
simple,  since  it  needs  equipment  for  Just  a  few 
let  off  devices  for  the  groups  and  not  stands  for 
a  big  number  of  single  pair  reels. 

Obtained  results 

Different  tests  and  deliveries  have  been 
made,  here  will  first  be  referred  to  one  specific 
project.  In  this  case  was  ordered  1.640  meter 
paper  insulated  cable  with  conductor  size  0,7  mm 
and  totally  1000  pairs.  For  dimensional  reasons 
it  was  necessary  to  divide  the  pairs  in  two 


In  general,  the  split  up  of  the  cable  in 
small  subunits,  is  favourable  also  for  PCM  systems, 
since  crosstalk  attenuation  level  between  such 
groups  are  at  a  higher  level  than  within  the 
groups.  This  makes  it  easier  to  find  well 
defined  higher  levels. 

A  test  production  of  two  polyethylene  insula¬ 
ted  cables  are  demonstrated  in  fig.  10.  One 
cable  have  mixed  20-pair  group,  which  is  compared 
to  a  mixed  10-pair.  As  can  be  seen,  we  have  got 
an  improvement  and  is  comparable  almost  to  the 
values  obtained  between  10-pair  groups. 

The  deviation  of  the  mutual  capacitance  is 
also  lower  for  the  mixed  cable: 


cable  cable 

conventional  mixed 

Mutual  capacitance 

nF/km  44  45 

Standard  deviation 

2  2  C  nF  0,61  0,35 


The  resistance  deviation  between  different 
pairs  are  also  expected  to  be  less,  since  cabling 
losses  will  be  more  equal  for  all  pairs. 

The  diameter  of  the  finished  cable  Is  the 
same  and  the  level  of  mutual  capacitance  also 
about  the  same  in  the  new  cable  compared  to  the 
conventional . 

A  selfsupporting  polyethylene  cable  is 
illustrated  in  fig.  11. 

Conclusion 

An  improvement  of  a  product  can  most  often  be 
made  by  spending  more  money  and  material,  in  this 
case,  for  instance,  by  introducing  higher  preci¬ 
sion  and  more  expensive  machines  as  well  as 
shields  etc.  We  have  described  a  new  technique, 
which  makes  the  used  machines  cheaper  to  install 
and  also  more  economical  to  operate  and  at  the 
same  time  by  getting  an  improved  product.  This 
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has  been  achieved  by  studying  the  cabling 
technique  from  teletransmission  demands.  We 
therefore  don't  consider  this  new  system  as  a 


speciality,  adoptable  for  one  or  another  manufac¬ 
turer,  but,  in  general,  as  a  more  natural  way  of 
building  up  a  telephone  cable  for  general  purpose. 
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NEW  TYPE  PAIRED  CABLE  FOR  HIGH  SPEED  PCM  TRANSMISSION 
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The  Electrical  Communication  Laboratories,  N,  T.T. 
Tokai,  Ibaraki,  319-11  Japan  and  Musashino,  Tokyo,  180  Japan 


Abstract 

This  paper  describes  new  type  paired  cable 
for  high  speed  PCM  transmission.  Design  philos¬ 
ophy,  design  methods,  transmission  properties  of 
the  paired  cable,  attained  PCM  transmission 
speed  and  the  results  of  experiments  on  a  100  Mb/s 
PCM  transmission  system  are  given. 

Introduction 

In  Japan,  the  PCM- 24  system  was  first  put  to 
commercial  use  in  1965,  Ever  since,  it  has  been 
widely  adopted  to  furnish  economical  voice  chan¬ 
nels  for  short  haul  trunks.  In  1968,  the  PCM- 120 
(PCM-8Mb/s)  system  was  developed.  Concerning 
PCM  transmission  speed,  however,  it  seems  that 
there  is  a  great  gap  of  suitable  transmission 
medium  between  existing  balanced  cable  and 
coaxial  cable.  Suitable  clock  frequency  for  exist¬ 
ing  balanced  cable  is  considered  to  be  about  10 
MHz  and  for  coaxial  cable  to  be  several  hundreds 
of  MHz1. 

In  order  to  fill  the  gap,  E.  C.  L.  proposed^  and 
researched  PEF  insulated  paired  cable  with  shield¬ 
ed  units.  Success  in  realizing  this  new  cable, 
whose  clock  frequency  is  100  MHz,  predicts  wider 
PCM  system  feasibility.  This  cable  can  transmit 
two  way  signals  in  one  cable,  because  the  near- 
end  crosstalk  coupling  loss  between  West  to  East 
circuits  and  East  to  West  circuits  is  made  negli¬ 
gible  by  unit  shielding.  Paired  cable  is  used 
instead  of  star  quad  cable  in  order  to  avoid  poor 
crosstalk  characteristics  within  the  quad. 

Design  Philosophy 
1 .  Cable  Diameter 

When  designing  a  new  paired  cable,  it  is  nec¬ 
essary  to  research  suitable  cable  structure, 
suitable  conductor  diameter  and  suitable  imped¬ 
ance  or  capacitance.  Transmission  line  cost  is 
considered  to  be  one  measure  to  solve  these 
problems,  so  cost  was  set  as  a  standard.  Though 
able  to  use  two  cables  or  a  unit  shielded  cable  in 
order  to  reduce  near-end  crosstalk,  unit  shielded 
cable  was  developed,  because  it  is  convenient  to 
utilize  existing  7  5  mm  inner  diameter  conduit. 


Cable  material  cost  Cm  /km  can  be  expressed 
as  follows: 

Cm=  nu  C  A^u  p  T  i  +  B  (—  ^  1  )  p  Ti 

-f  Gk  */ 7iu  p Y  i  -j-  D  3  +  E  (1) 

nu  :  unit  numbers  in  a  cable 
n up  :  pair  numbers  in  a  unit 

Yi  :  conductor  radius  (mm) 

2  Ta  :  wire  diameter  (mm) 

k  \  k=  2  Ya/Yi 

A,  B,  C,  :  proportional  coefficient  of  each 
term 

D,  E  :  constant  term 

In  Equation  (1)  the  first  term  in  the  bracket  is 
the  material  cost  of  conductors,  the  second  term 
is  the  cost  of  conductor  insulation  material,  the 
third  and  the  fourth  term  are  the  cost  of  tapes,  for 
instance  polyethylene  tape,  unit  shielding  tape  and 
so  on. 

E  is  the  cost  of  cable  sheath  material.  In 
Equation  (1)  it  is  assumed  that  the  ratio  of  the 
total  wire  area  to  the  inner  area  of  a  unit  is  l/2. 
This  assumption  gives  a  good  approximation  due 
to  past  experience.  Accordingly,  if  we  put  T ua 
(mm)  as  a  unit  radius  the  next  equation  becomes 
2 


From  Equations  (1)  and  (2),  equation  (3)  is 
given. 

^  N  Yua 

CM  =  ^U  CA-^2-+B(— -i)  -p-+Crua+D]+E  (3) 

Equation  (3)  shows  that,  if  we  set  cable  dia¬ 
meter,  cable  sheath,  unit  numbers  contained  in  a 
cable,  taping  under  and  upper  unit  and&,  the  Cm 
is  independent  of  conductor  radius  and  pair 
numbers  nu p  in  a  unit. 

Cable  cost  may  be  expressed  as  &  Cm  ,  where 
a  is  the  function  of  cable  structure.  The  cost  of 
conduit  and  the  cost  of  construction,  for  instance, 
conduit  construction  is  set  as  F,  then  F  is  nearly 
independent  of  cable  diameter,  therefore  allover 
cable  cost  K  is  expressed  as  follows: 
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K=tfCM  +  F  (per  km ) 


where  K  is  almost  independent  of  THip  or  r^. 

Consequently,  overall  cost  of  one  pair  in  the 
cable,  Cl,  becomes 


a  [A Ti  +B  (i-Orf+0  ~X=  Ti  +— J+-aE  +  F 


%p  nu  p 


Equation  (5)  means  that,  when  k  and  ri  are  fixed, 
Ci  becomes  cheaper  when  the  number  of  pairs 
contained  in  a  cable  is  increased,  or  in  other 
words,  when  cable  diameter  is  made  larger. 
However,  cable  diameter  is  limited  by  the  inner 
diameter  of  installed  conduit.  Therefore,  the 
outer  diameter  of  the  new  cable  is  limited  to  about 
71.5  mm  in  order  to  use  existing  installed  conduit 
whose  inner  diameter  is  7  5  mm. 

2.  Selection  of  Conductor  Radius 

Here,  also  an  economical  standard  of  selecting 
suitable  conductor  radius  is  used.  Transmission 
line  cost  is  determined  by  overall  cable  cost  and 
repeater  cost.  Transmission  line  cost  per 
one  pair  at  clock  frequency  fM  (MHz)  is  given  by 
the  following  equation. 


RfM  dk 


/nup  +  —  fM  (per km) 


nu  ^up  G  Tua  G 

K  :  same  as  Equation  (4) 
nu  p  ,  nu  ,  ru  a  ,  r  i  :  same  as  Equation  (1) 
a ,  b:  constants  of  cable  loss 

cable  loss  =  (  a  <Jfu/Ti  )+bfM  (db/km) 
x 

RfM  :  cost  of  a  repeater  at  clock  frequency 
fM  (MHz) 

G  :  Equalizer  gain  (dB)  at  clock  frequency 
fM  (MHz) 

From  Equation  (6)  it  is  concluded  that  C]^ 
becomes  cheapest  when  the  following  relation  is 
satisfied. 


%up  (opt  )  = 


2  G  (  K/^u  )  Tua 

RfMfl  /fM  h 


or  from  Equation  (7)  and  (2) 


Ti  (opt ) 


RfM  g/f  M  Tua,  ' 
2  G  ( K/ nu  )  k 


Equation  (8)  means,  for  instance,  the  higher  the 
repeator  cost  the  larger  the  conductor  diameter 
Ti  .  But  the  already  presented  discussion  is  only 
correct  within  the  following  equations  restriction. 


(O'/Ti  ) 


Where  lx  (Km)  is  the  longest  repeator  spacing  de¬ 
termined  by  crosstalk  coupling  loss. 

Fig.  (1)  shows  the  numerical  result  of  opti¬ 
mum  conductor  radius  r^  about  a  unit  shielded 
cable,  when  a  repeater  cost  changed,  where  k  is 
chosen  as  5.4,  G  is  90  dB  and  f  M  is  100  MHz. 

3.  Transmission  speed  limitation  for  paired 

cable 

Transmission  speed  limitation  for  paired  cable 
is  considered  from  an  economical  standpoint.  In 
order  to  neglect  near -end  crosstalk,  a  unit  shield¬ 
ed  cable  was  adopted. 

For  this  case,  the  transmission  speed  limita¬ 
tion  arises  from  cable  loss  increase  and  far -end 
crosstalk  coupling  loss  degradation.  By  using 
already  used  notations,  one  pair  system  cost  per 
1  MHz,  Ci  a,  (per  km)  is  expressed  as  follows: 

K  i  i  a  x-i 

Cia  — - + - *  RfM  (per  km  )  GO) 

nu  ^up  f  M  G  T  i 

where  cable  leakage  loss  is  neglected. 

From  Equation  (10),  it  is  concluded  that,  when 
a?<C  0.  5,  transmission  speed  limitation  does  not 
occure  due  to  cable  loss.  The  faster  the  speed- 
the  lower  the  system  cost. 

For  the  case  of  0.  5,  transmission  speed 
limitation  arises  from  cable  loss,  and  the  limited 
clock  frequency  f  ua  is  given  by  the  following 
equation:  2 

r  kg*2  -q~rr 

fM«=  - - - T— - a"  til) 

R<z(  X  — nu  Tua 

The  larger  the  conductor  radius,  the  higher 
the  limited  clock  frequency  f  m«  . 

Next  we  examine  transmission  speed  limitation 
arising  from  far -end  crosstalk.  Consider  the 
case  where  clock  frequency  is  f  0  (MHz)  and 
admissible  longest  repeator  spacing  is  1Q  (km). 

If  we  have  a  higher  clock  frequency  f  m  (MHz)  of 
more  than  fQ  (MHz),  the  repeator  spacing  becomes 
l  m  (km),  shorter  than  lQ  (km).  These  distances 
and  frequencies  result  in  the  next  relation. 
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5.  Comparison  with  Coaxial  Pair 


Where  it  is  assumed  that  signal  to  far -end 
crosstalk  power  ratio  (dB)  decreases  with  10  logf. 
Under  the  restriction  of  Equation  (12),  one  pair 
system  cost  per  1  MHz,  Cl*  , is  given  by  the  follow¬ 
ing  equation: 


K  1.1  _  ;rfl 

0 1 x  — - : - 1-  ~  :a-  Rf  m 

nup  fM  fo 


From  Equation  (13),  the  limited  clock  frequency 
f MX  (MHz)  is  obtained  as  follows: 


K&So  fo 

nu  Tua  ( <2?+  1 )  R 


;  _2_ 
x+2 

Ti  (MHz) 


Equation  (14)  means  that,  whatever  the  value 
of  x,  there  is  always  a  limited  clock  frequency 
f MX  (MHz)  caused  by  far -end  crosstalk.  There¬ 
fore,  the  deduction  of  system  cost  by  using  paired 
cable  largely  depends  upon  improvement  of  far- 
end  crosstalk  coupling  loss.  Fig.  2  shows  that 
relative  system  cost  variation  per  1  km*  1  MHz 
versus  clock  frequency  f^  (MHz).  Curve  ® 
shows  the  case  when  limiting  clock  frequency  is 
100  MHz  and  curve  ®  shows  the  limiting  fre¬ 
quency  is  200  MHz,  where  x  is  chosen  as  0.7. 


4.  Selection  of  the  Value  of  k 


Here  we  examine  the  optimum  k.  In  other 
word  we  examine  the  optimum  characteristic  im¬ 
pedance  or  capacitance  of  a  pair.  In  the  foregoing 
section  we  discussed  about  optimum  pair  number 

n  or  conductor  radius  r-,  when  k  is  fixed. 

up  i 

Therefore,  here  only  the  effect  of  k  on  system 

cost  is  examined  under  the  condition  of  pair 
number  nUp  or  wire  diameter  2  Ta  being  fixed. 
There  are  two  standards  used  to  select  optimum 
k  value:  one  is  a  purely  economical  standpoint, 
the  other  is  the  engineering  standpoint. 


Fig.  3  shows  one  example  of  system  cost 
against  k,  where  an  effective  dielective  constant 
ratio  of  1.6  is  used. 


From  Fig.  3,  the  value  of  k  of  from  5.  0  to 
6.  0  seems  to  be  suitable.  However  it’s  value  is 
affected  by  repeator  cost. 

Therefore  it  is  necessary  to  study,  more 
rigorously  the  optimum  value  of  k  from  an  engine 
ering  standpoint. 


Comparison  with  coaxial  pair  is  an  important 
problem  when  designing  new  type  cable.  Here, 
we  compare  the  necessary  copper  quantity  re¬ 
quired  to  realize  the  same  cable  loss.  Conditions 
of  comparison  are  as  follows:  One  is  on  the  basis 
of  loss  minimum  where  design  of  loss  minimum 
means  that  the  design  to  make  cable  loss  minimum 
when  an  insulated  wire  diameter  is  fixed  or  coaxial 
outer  conductor's  inner  radius  is  fixed.  Two  is 
both  PEF  insulation  with  an  effective  dielectric 
constant  ratio  of  1.  6.  Generally  in  the  high  fre¬ 
quency  domain,  cable  loss  is  expressed  as  follows: 

H - / —  (  nep/km)  0-5) 

2  V  C 

Neglecting  leakage  loss  compared  with  con¬ 
ductor  loss,  a  nearly  equals  ■*  yy  , 

where  Zc  is  characteristic  impedance.  As  will 
be  mentioned  later,  the  optimum  charactieristic 
impedance,  for  a  small  pair  number  shielding 
cable  (for  instance  7  pairs  shielded),  is  about 
145ft  (at  1  MHz)  and  that  of  a  coaxial  pair  is  about 
64ft  (at  1  MHz).  Therefore,  using  Rc  as  the 
notation  of  resistance  R  of  coaxial  pair  and  Rp  as 
that  of  paired  cable  the  following  relation  between 
Rc  and  Rp  realizes  the  same  cable  loss  for  both 
cable:  Rc  =  0.44  Rp. 

Therefore  it  is  deducted  that  the  copper  quantity 
necessary  for  a  coaxial  pair  is  much  more  than 
that  required  for  a  shielded  pair,  when  both  cable 
loss  are  the  same.  Fig.  4  shows  the  ratio  of 
copper  quantity  of  a  coaxial  pair  to  copper  quantity 
of  a  shielded  pair,  when  both  cable  losses  are  the 
same.  It  shows  that  the  larger  the  cable  loss,  the 
larger  the  ratio. 

This  is  one  of  the  reasons  why  shielded  pair 
cable  was  adopted  for  high  speed  PCM  transmission. 

Design  Methods 

1 .  Determination  of  Optimum  k 

The  problem  in  determining  optimum  k  is  h°w 
to  select  conductor  radius  in  order  to  keep  cable 
loss  minimum  when  an  insulated  diameter  2  Ta  is 
constant. 

Fig.  5  shows  the  concept.  In  order  to  determine 
the  optimum  k,  the  primary  constants  of  a  shielded 
pair  type  cable  are  studied.  The  following  equations 
are  used. 


166 


R=  2  (  Rj  +Rn.  +RA  +Re  )  ’  (Q/m) 

L=  2  (  Li +Ln  +  LA  +  Le  +  Lo  )  ’  (  H/m  ) 

7C  Go  6r 


.~..r  (&>•  T 


,  /  2r«x  _  v  R‘  7  _  (  n  / 

gn(—)  —  ^v77  1 

MHrt)  } 


{!-(&)} 


.  hiP* 


,  n  .  ,tra.  ~  ,re,  tt 

F  7t  =  c - )  J  l  -  C - )  2  «-  ( - j  U  j 

27a  Ri  n=i,2-"  Ri 


+  !(— )  X  V, 


2d  2d 

s  i  n  h  — - h  s  in  — - — 

Oh  Ok 


G  —  0)0  tan  ^ 


Ri  2d  2d 

siaA  ~8T~sln~jr 


R  is  resistance,  L.  is  inductance,  C  is  capacitance 
G  is  conductance  of  a  pair, 


Ri  2d 

~i - COS  h  —r - 

nd  h '  d  h 


2d 

-cos_ )  |s„ 
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and  where 
Yi  : 


conductor  radius  (m) 

conductivity  of  conductor  (U/m) 

conductivity  of  shielding  material 

( u/m) 

skin  depth  of  conductor  (m) 

skin  depth  of  shielding  material  (m) 
free  space  permeability  (H/m) 

permeability  of  conductor  (H/m) 

an  insulated  wire  diameter  (m) 

eccentric  distance  of  pairs  (m) 

shielding  material  radius  (m) 

distance  between  pairs  (m) 

thickness  of  shielding  material  (m) 


J  o  ,  J  i  ,  J  2  are  Bessel's  function  of  zero, 
first  and  second  order,  and,  in  Equation  (16),  2 
means  the  sum  of  the  effect  of  the  surraundings 
pairs  for  a  pair  under  consideration. 

0)=  2  71  f  ,  f  :  frequency  (Hz) 

6o  :  free  space  permittivity  (F/m) 

Gr  :  effective  dielectric  constant  ratio 

Fig.  6  shows  these  distance  relations. 
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In  a  high  frequency  region,  attenuation  cons¬ 
tant  can  be  expressed  as  follows: 

R  /q  G  /  L 

a  = -  / - f- -  / - =  aR  +  a0  (nep/km) 


where  <*R  is  conductor  loss  and^o  is  leakage  loss 
and  is  nearly  equal  to  (<i>/2)  tan^/ A>Go  €r  . 
can  be  expressed  as  the  following  equation  from 
Equation  (16) 


2  (27a)  di  Oi  V 

/27a  7a  7e  7a  Tp  Te 
\n  ,  Ri  ,  Ri  ,  Tp  ,  Ri  ,  Ri  ,  ‘ 


ia  is  a  function  of  each  parameter  in  the  paren¬ 
theses.  From  Equation  (17),  optimum  k ,  2ra  /r{  f 
is  obtained  by  solving  the  following  equations  sim¬ 
ultaneously. 

daR  daR 

- 2 - =  o  ,  - - =o  (18) 

d(2  Ta/Ti)  Otp  e 

The  numerical  results  are  shown  in  Fig.  7. 

From  Fig.  7,  it  is  realized  that  there  is  a 
broad  band  of  k  where  cable  loss  does  not  change 
much.  Here,  we  determine  that  the  point  of  0.  5 
%  loss  increase  from  the  lowest  cable  loss  at  100 
MHz  is  optimum.  Then  we  are  able  to  obtain  the 
optimum  k  and  optimum  characteristic  impedance 
for  each  number  of  shielded  pairs,  as  shown  in 
Table  1. 

Optimum  characteristic  impedance  zc  and  & 


been  analyzed.  5’  ^  In  this  analysis,  amplitude 
distribution  of  intersymbol  interference,  ampli¬ 
tude  distribution  of  thermal  noise  and  noises  of 
equalizer,  and  amplitude  distribution  of  cross¬ 
talk  noises  are  considered  simultaneously  at  a 
pulse  detecting  point.  Using  the  results  of  this 
analysis,  error  probabilities  versus  signal  to 
gaussian  noise  ratio  for  equalized  pulses  of  ratio 
nal  function,  shown  in  Table  2,  can  be  numerical¬ 
ly  obtained.  The  numerical  results  are  shown  in 
Fig.  8. 

Equalized  pulses  of  rational  function 

used  in  calculating  error  probability 


equalized  pulse 

high  frequency 
cutoff 

low  frequency 
cutoff 

form  number 

in/to 

n 

f  L/fo 

m 

© 

1.452 

15 

3X10"3 

3 

© 

1.  518 

20 

1 1 

1 1 

© 

1.  695 

20 

It 

IT 

© 

1. 702 

25 

If 

t  1 

©• 

1.905 

25 

tt 

It 

fh/f  o'¬ 


clock  frequency  (MHz) 
normalized  high  cutoff  frequency 
order  of  high  frequency  cutoff  of 
rational  function 
normalized  low  cutoff  frequency 
order  of  low  frequency  cutoff  of 
rational  function 


In  Fig.  8,  T0  shows  equalized  pulse  amplitude, 
Oq  is  the  expected  value  of  total  noise  power  at 
the  pulse  detecting  point. 


Number  of 
shielded  pairs 

k 

Z  c 

(at  100  MHz) 

3  pairs 

5.  4 

135 

4  pairs 

5.4 

137 

5  pairs 

5.4 

138 

7  pairs 

5.4 

139 

19  pairs 

5.  7 

156 

37  pairs 

00 

in 

160 

(for  the  first  layer  pair) 

U=1.6 

2.  Error  Probabilities  versus  Signal  to  Gaussian 
Noise  Ratio 

Error  probabilities  versus  signal  to  gaussian 
noise  ratio  for  a  bipolar  pulse  train  has  already 


3.  Necessary  Signal  to  Multiple  Far-End  Cross¬ 
talk  Power  Ratio 

When  considering  only  far-end  crosstalk  noise, 
thermal  noise  and  noises  of  the  equalizer,  oQ  is 
given  by 

o\  =  g  p+ffj  (19) 


where  is  the  expected  value  of  far-end  cross¬ 
talk  power  at  pulse  detecting  point  and  is  ex¬ 
pected  value  of  thermal  noise  power  and  noises  of 
equalizer  at  the  pulse  detecting  point.  In  calcula¬ 
tion  of  Fig.  8  it  is  assumed  that  the  probability 
density  function  of  far-end  crosstalk  instantane¬ 
ous  amplitude  V f  and  that  of  thermal  noise  and 
noises  of  equalizer  instantaneous  amplitude  Vk  at 
the  pulse  detecting  point  are,  respectively, 


1 


4.  Errorrate  and  Admissible  Standard  Deviation 
of  Far-End  Crosstalk  Coupling  Loss 


PpO) 


PbOO 


(20) 


(21) 


Necessary  mean  value  of  signal  to  multiple  far- 
end  crosstalk  power  ratio  Xem(db)  at  clock  fre¬ 
quency  fo  for  a  pulse  equalizing  section,  in  order 
to  realize  an  error  rate  under  E,  is  obtained  from 
Equation  (19),  as  follows: 


Xem  > 


2  0  log 


To 


uFo 

+  20  log - 1  0  log 

E  To 


o  B  2 


(22) 


where  f  20  log - *]  is  signal  to  gaussian  noise 

Uq  E 

ratio  giving  error  rate  E,  which  is  given  by  Fig.  8. 
is  as  follows: 


ufo 


l 

2  7U 


¥{w)  |WW  |  ( — )  d w  (Watt  )  (23) 

Wo 


where  ¥(w)  is  transmitting  power  spectrum  of  the 
pulse  train,  W(  tv  )  is  overall  transfer  function  of 
one  pulse  equalizing  section.  If  we  take  the  error 
rate  of  one  pulse  equalizing  section  as  10“^, 
signal  to  gaussian  noise  ratios  of  each  equalizing 
pulse  can  be  determined  from  Fig.  (8).  But  we 
add  this  signal  to  gaussian  noise  ratio  plus  8  dB, 
considering  signal  to  gaussian  noise  ratio  degrada¬ 
tion  based  on  deviation  of  automatic  gain  control, 
variation  of  transmitting  pulse  amplitude,  jitter 
and  timing  pulse  width  and  degradation  of  repeater 
performance  with  the  passage  of  time. 


Then  the  necessary  Xem  per  one  pulse  equaliz¬ 
ing  section  is  obtained  by  calculating  Equation  (22). 
Results  are  shown  in  Fig.  9.  Though,  in  Fig.  9, 
the  curves  of  equalized  pulse  form  number  are 
shown  only  about  ®  and  ©  ,  the  other  equalized 
pulse  number's  curves  are  between  these  values. 
From  Fig.  9,  it  is  concluded  that  the  necessary 
mean  value  of  signal  to  multiple  far-end  cross¬ 
talk  power  ratio  Xem  for  one  equalizing  section  is 
18  db  at  100  MHz  and  the  gain  of  equalizer  at  clock 
frequency  is  limited  to  about  90  dB,  concerning  the 
equalized  wave  forms  shown  in  Table  2.  It  is  nec¬ 
essary,  however,  to  study  the  added  8  dB  more 
exactly. 


In  the  analysis  of  error  rate  in  a  signal  to 
gaussian  noise  ratio,  it  is  as  summed  that  the 
probability  density  function  Pf  (yp)of  far-end 
crosstalk  instantaneous  amplitude  y  f  at  the  detect¬ 
ing  point  is  normal  distribution.  That  is  shown  in 
Equation  (20).  From  Equation  (20),  the  probabil¬ 
ity  density  of  |  yp|2,  Pa^  (x)  is  found  to  be 

i 

P(ja(r)=-=L -  e  ^  M 

*  J  <lKx  <Xf 

2 

(Watt)  at  the  detecting  point  is  expressed  as 
follows: 

oo 

1  f  q  2 

CTp  = -  9(w)  |  W(w)  I  o)  ( - )  <lu>  (25) 

2  71  j  *  Wo 

~o 

Integrating  Equation  (23)  leads  to 

ol=kx(&/toy  Ofo  <26> 

where  A  is  the  cable  length  and  kxis  signal  to 
far-end  crosstalk  ratio  (Watt)  at  frequency  fo  and 
cable  length  Ao  ,  and  q  is  a  constant  which  will  be 
mentioned  later. 

The  probability  density  of  £j?fPjfc(*)  ,  can  be  ex¬ 
pressed  as  follows: 

7 

P  *(*)= -  x"~le*X  (»>0.t>0)  (27) 

r  (►) 

Then  P<j|(r)  leads  to  the  next  equation: 


Ptf2(*)  = - 


)%  £jp0 


r1e-(',u+2u(4/^o),^)du 

(28) 


2 

The  average  loss  in  db  of  oY  is  given  by  -10  log 
C7p  ,  and,  from  Equation  (28),  we  have  the  aver 
age  loss 


-io  l  og  ffp=-(  10  loge)  0+io  log A  -10  log  2  crPo 

-iOq  log^ 

and  the  standard  deviation  in  db 
'  1/2 

-  d  oioge  )  OM+r  ]  (29) 

In  Equation  (27),  if  we  put  u=~^Tt  — .PifcW 

leads  to  the  next  equation: 

i 

PtW=  -7=^= -  e  (30) 

/  2  nx  akx 
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Equation  (30)  is  obtained  if  we  assumed  that  the 
induced  currents  of  the  disturbed  pairs  are 
normally  distributed  with  an  average  of 
zero.  This  correspounds  to  Equation  (24). 
The  mean  loss  in  db  of  kx  and  the  standard 
deviation  in  db  are  obtained  as  follows: 

- 10  log  kx  =  -  10  logy  +i o  log  X 

akx  =  do  log  e)  [>»D  1/2  (a) 

in  which  is  the  derivative  of  the  logarithm  of 
the  gamma  function.  If  we  put  in  Equations 

(29)  and  (31),  at  and  ^kx  are  obtained,  respective¬ 
ly,  as  13.  64  db  and  9.  65  db. 

From  the  above  discussion,  it  is  concluded  that 
the  assumption  (20)  corresponds  to  the  induced 
currents  of  the  disturbed  pairs  being  normally 
distributed  with  average  zero  at  an  arbitrary  fre¬ 
quency  and  that  far- end  crosstalk  coupling  loss 
standard  deviation  in  db  is  9.  65  db.  This  9.  65  db 
corresponds  to  13.  64  db,  which  is  the  standard 
deviation  of  °%  in  time  domain. 

Therefore,  in  order  to  attain  an  error  rate  of 
10“10  in  an  equalized  section,  the  signal  to 
multiple  far-end  crosstalk  ratio  X  em  must  be 
above  18  db  and  the  standard  deviation  of  the 
signal  to  far-end  crosstalk  ratio  in  db  is  within 

9.  65  db. 

5.  Near-End  Crosstalk  Coupling  Loss  Between 
Pairs  in  Neighboring  Shielded  Units 

If  the  expected  value  of  near- end  crosstalk 
power  between  pairs  in  neighboring  shielded  units 
is  PnuM2  then  we  have  the  next  approximate 
equations : 

*  d 

PnuM  =  kuwz  dc  (r4&>  1  ) 

_  (32 ) 

—  kutv  SI  e  l  ) 

where  d  :  the  thickness  of  unit  shielding  tape 
(mm) 

dc  :  the  skin  depth  of  unit  shielding  tape 
(mm) 

:  the  propagation  constant  of  the  longi¬ 

tudinal  circuit  in  the  unit. 

£  :  cable  length 

When  >  1  the  near-end  crosstalk  coupling 
loss  in  db  leads  to 

- 2  8 

Xeu  =-10  log  PnuM  =-10  1og27T10  kyjrl  0  log  f  +  8-28d  /f 

(33) 


where  1  in  kHz  and  shielding  material  is  copper. 
From  measuring  near- end  crosstalk  coupling  loss 
between  pairs  of  the  outermost  layer  in  a  neigh¬ 
boring  shielded  unit,  we  have  the  next  experimen¬ 
tal  results: 

Xeu  =  130  -10  log  f  +  13  d/T  (34) 

where  f  in  kHz,  d  in  mm  and  shielding  material  is 
copper.  From  Equations  (33)  and  (34),  ^u  leads  to 
l  10-16. 

2  7U 

At  the  detecting  point  of  the  equalized  pulse, 
the  near-end  crosstalk  power  between  pairs  in  the 
neighboring  shielded  units,  when  there  is  only  a 
single  disturbing  pair,  is  given  by  the  next  equa¬ 
tion. 


where  ¥(w)  is  the  transmitting  power  spectrum 
and  EM  is  the  transfer  function  of  an  equalizer. 
Fig.  10  is  the  numerical  result  of  Equation  (35). 
From  Fig.  10,  it  is  concluded  that  a  0.  05  mm 
thickness  of  unit  shielding  tape  (  copper) is  suffi¬ 
cient.  The  result  is  almost  independent  of  eqal- 
ized  pulse  forms  shown  in  Table  2, 

Transmission  Properties  of  The  New  Type  Cable 

Fig.  11  shows  unit  shielded  cable  sections 
which  were  studied.  Each  cable's  far-end  cross¬ 
talk  coupling  losses  are  shown  in  Table  3.  In 
Table  3,  X  is  average  value  in  db  of  equal  level 
far-end  crosstalk  coupling  loss.  Xe  and  Xem 
are,  respectively,  expected  values  of  signal  to 
crosstalk  power  ratio  and  that  of  signal  to  multiple 
crosstalk  power  ratio.  ais  standard  deviation 
in  db,  and  S  means  that  only  a  single  disturbing 
pair  exists  and  M  means  the  case  where  all  are 
disturbing  pairs  except  a  disturbed  pair  in  a  unit. 
This  multiple  far-end  crosstalk  loss  is  measured 
by  the  circuit  shown  in  Fig,  12.  From  table  3, 
it  is  known  that  the  following  relation  exists 
between  signal  to  multiple  far-end  crosstalk  power 
ratio  Xem  and  signal  to  far-end  crosstalk  power 
ratio  Xe: 


Xem- Xe  ~  1  0  log  U  (36) 


where  n  is  disturbing  pair  number.  This  relation 
is  also  theoretically  known,  for  instance,  in  refer 
ence  8.  The  frequency  characteristics  of  cable 
(a)  is  shown  in  Fig.  13, 
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Far-end  Crosstalk  Coupling  Loss  of  Cables  Shown  in  Fig.  11 

Table  3 


shielded 

pair 

number 

FXT 

(dB) 

sample 

number 

meas¬ 

ured 

length 

(m) 

kind  of 
cable 

frequency! 
(MHz)  ' 

I 

S 

M 

(a) 

50 

jj^Q 

1 

m 

48 

24 

200 

3 

100 

42.  1 

mi 

gjgg 

ESI 

(b) 

50 

49.2 

533 

4 

100 

40.9 

36.2 

36.9 

33.2 

32.  1 

7.  0 

5.  1 

30.  0 

24.8 

■ 

50 

48.  8 

jj^Q 

36 

200 

100 

43.  1 

Q2Q 

BE 

Considering  the  far-end  crosstalk  mechanism, 
it  is  considered  that  both  direct  crosstalk  coupling 
and  crosstalk  coupling  caused  through  a  third 
circuit,  for  instance  a  unit  shield,  exist.  There¬ 
fore  far-end  crosstalk  loss  degradation  dependence 
on  cable  length  becomes  complex.  Considering 
only  direct  coupling,  the  degradation  dependence 
on  cable  length  is  10  log  t/to  .  But  the  coefficient 
of  log  t/to  is  really  the  function  of  to  and  fo  , 


where  and  fo  are  measured  cable  length  and 
measured  frequency.  Table  4  shows  the  experi¬ 
mental  results  of  far-end  crosstalk  degradation 
dependency  on  cable  length. 

Measured  value  of  cable  loss,  characteristic 
impedance  and  capacitance  of  each  cable  (a),  (b), 
(c)  in  Fig.  11  are  shown  in  Fig.  14. 


Experimental  Results  of  Far-end  Crosstalk  Degradation 
Dependency  on  Cable  Length 


Table  4 


(l<£/£0^8) 


Kind  of  cable 

£0  :  2  0  0m 

f  0  (MHz  ) 

(a) 

(n.4  +  2.8  iogf/f0)iog  e/e0 

1 

(b) 

(  io.  3  +  4.  i  iogf/f0)  log  e/e0 

10 

(c) 

(10.4  +  1.6  log  f/ f o )  log  e/e0 

1 

Admissible  Clock  Frequency  of 
The  New  Type  Cable 

Summarizing  the  foregoing  studies,  a  survey 
is  presented  of  the  admissible  clock  frequency  of 
the  new  type  cables. 

When  using  cable  type  (a),  we  take  clock  fre¬ 
quency  100  MHz  and  equalizer  gain  90  db  at  100 
MHz.  Then  one  equalizing  section  length  becomes 
1. 63  km.  The  necessary  Xe  at  100  MHz  of  a  200 
m  cable  length  is  given  by  the  next  equation. 

Ye  -  10  \ogn- 1  7  log  t/to  ^>18 


Xe  becomes  above  36.5  db  at  100*MHz. 

If  we  take  a  clock  frequency  of  150  MHz  and  an 
equalizer  gain  of  90  db  at  150  MHz,  then  one 
equalizing  section  length  becomes  1.  3  km.  The 
necessary  Xe  at  100  MHz  of  200  m  cable  length 
is  given  by  the  next  equation: 

Ye~10  log??'-  1  7. 5 t/to~  2 0  1  og  1.5  ^  1  8  (38) 

Xe  becomes  above  38.  8  db  at  100  MHz. 


(37) 
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When  using  cable  type  (b),  when  the  clock  fre¬ 
quency  is  100  MHz  and  the  equalizer  gain  is  90  db 
at  100  MHz,  one  equalizing  section  length  becomes 
1. 53  km,  and  the  necessary  Xe  at  100  MHz  of  a 
200  m  cable  length  is  given  by  the  next  equation: 

xe-10  logW-14.4  log  -J-  ^1  8  (39) 

Zq 

Therefore  Xe  becomes  above  35.5  db  at  100 
MHz.  When  the  clock  frequency  is  150  MHz  and 
the  equalizer  gain  is  90  db  at  150  MHz,  one  equal¬ 
izing  section  length  becomes  1,2  km  and  the 
necessary  Xe  of  cable  length  200  m  at  100  MHz 
becomes  above  37.  5  db,  and  the  necesary  Xe  of 
cable  length  200  m  at  50  MHz  becomes  above  43.  5 
db. 

When  using  cable  type  (c),  when  the  clock  fre¬ 
quency  is  100  MHz  and  the  equalizer  gain  is  90  db 
at  100  MHz,  one  equalizing  section  length  becomes 
1. 34  km,  and  the  necessary  Xe  at  100  MHz  of  a 
200  m  cable  length  is  given  by  the  next  equation: 

£ 

Xe-101ogtt-13.61og—  ^18  (40) 

Zq 

Xe  becomes  above  36.  2  db  at  100  MHz. 


When  the  clock  frequency  is  150  MHz  and  the 
equalizer  gain  is  90  db  at  150  MHz,  one  equalizing 
section  length  becomes  1. 08  km  and  the  necessary 
Xe  of  a  200  m  cable  length  at  100  MHz  becomes 
above  38.7  db  and  44.  7  db  at  50  MHz. 

From  Table  3  and  the  results  of  the  above 
survey,  it  is  concluded  that  the  admissible  clock 
frequency  of  cable  type  (a),  (b)  and  (c)  is  150  MHz. 

Realizable  Transmission  Capacity 
in  One  Cable 

In  the  above  discussion,  the  admissible  clock 
frequency  is  150  MHz  and  the  admissible  highest 
pair  number  in  a  shielded  unit  is  6.  So  we  are 
able  to  design  the  new  type  cable  when  conductor 
diameter  is  varied  under  the  limitation  of  the 
cable  diameter  being  within  71.5  mm.  The  result 
is  shown  in  Table  5.  But,  when  the  conductor 
diameter  is  small,  the  problem  is  the  repeater 
size  and  it's  cost.  Therefore,  it  is  hoped  that  a 
small  size  and  cheap  reapeater  will  be  developed. 
Table  6  shows  the  repeater  properties  used  in  the 
PCM-100M  system  experiments.  The  return 
crosstalk  coupling  loss  between  the  output  and  the 
input  of  the  repeater  is  above  110  db  at  100  MHz. 


Transmission  Capacity  vs  Conductor  Diameter 
Table  5 


Cable  outer  diameter 

71.5  mm 

reference 

Cable  sheath 

stalpeth 

1 . 2  mm : 
shielded  pair 
number  4  , 
unit  number  12 

0.  9  mm: 
shielded  pair 
number  6  , 
unit  number  14 

0.  65  mm: 
shielded  pair 
number  6  , 
unit  number  27 

Conductor  diameter 
(mm) 

0.  65 

0.9 

1.  2 

Cable  loss 

(db/km,  at  100  MHz) 

94 

68 

59 

Characteristic 
impedance 
(at  100  MHz) 

145 

145 

135 

Capacitance 
( nF  /km) 

29 

29 

33 

Number  of  pairs 

162 

84 

48 

Transmission 

Capacity 

(Mb/ s,  one  way) 

100  Mb/s 

16200 

8400 

4800 

150  Mb/s 

24300 

12600 

7200 
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Repeater  Properties 
Table  6 


Clock  frequency 

f  0  =  97.  580  MHz 

Code  type 

uniformed  bipolar 

Loss  of  a  section 

30-  90  db  at  fo 

Level  control 

f T  type  AGC,  peak  value  detecting 

Output  pulse 

3V,  duty  50% 

Power  supply 

250  mA+5%,  phantom  circuit  is  used. 
12V  per  a  repeator 

Installed  Experimental  Line 


A  PCM-100M  system  experimental  line  was 
installed  in  field  using  cable  type  (a)  shown  in  Fig. 
11.  The  total  line  length  is  about  30  km  from 
Musashino  to  Kasumigaseki  and  the  number  of 
repeatered  links  is  25.  The  longest  single  repeat¬ 
er  spacing  is  about  1.  5  km  and  the  shortest  is 
about  600  m. 

Repeaters  were  installed  for  2  systems,  E-W 
and  W-E  respectively.  Fig.  15  shows  the  repeater 
housing  used  in  this  experimental  line. 

At  present,  the  transmission  properties  are 
being  investigated  and  transmission  experiments 
are  being  conducted. 

Up  to  now,  an  about  80  km  transmission 
through  68  repeatered  links  by  turning  up  was  ^ 
successfull  with  an  overall  error  rate  below  10 

Summary 

This  new  type  cable  is  considered  to  present 
an  economical  system,  not  only  assuring  the 
feasibility  of  digital  transmission  networks,  but 
also  the  interconnection  with  FDM  networks 
already  in  use.  It  will  become  one  of  the  pro¬ 
spective  transmission  mediums  in  a  field  where 
large  transmission  capacity  is  required. 
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Measuring  circuit  of  multiple  far-end 
crosstalk  coupling  loss. 
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Summary 

A  new  foamed  polyethylene  insulated  junction 
cable  has  been  developed  to  improve  the  elect¬ 
rical  characteristics  of  traditional  paper 
insulated  cable.  The  new  cable  is  now  in 
commercial  test  at  NTT  (Nippon  Telegraph  & 
Telephone  Public  Corporation). 

This  cable  consists  of  foamed  polyethylene 
insulated  conductors.  And,  the  sizes  are 
0. 4  mm  2400  pairs,  0.  5  mm  1800  pair  s , 

0.  65  mm  1000  pairs  and  0.  9  mm  400  pairs. 

The  cables  show  that  capacitance  unbalances 
are  excellent,  so  it  has  become  possible  for 
these  cables  to  obtain  satisfactory  crosstalk 
levels  without  any  test  splices  required  for 
the  paper  insulated  cables  at  each  loading 
section. 

High  density  polyethylene  is  used  for 
insulation  owing  to  its  mechanical  toughness, 
and  can  eliminate  most  insulation  defects 
involved  in  cable  manufacture  and  installation. 

It  is  well  known  that  coating  a  thin  wall 
insulation  with  high  density  polyethylene  is 
somewhat  difficult  due  to  its  inferior  extruding 
properties.  The  newly  developed  high  density 
polyethylene  insulating  material,  however,  has 
superior  extruding  properties,  and  exhibits 
ease  of  extruding  equivalents  to  that  of  low 
density  polyethylene  using  a  conventional 
manufacturing  process.  For  an  example,  a 
manufacturing  speed  exceeding  1,  000  m/min 
has  been  obtained  on  a  0.4  mm  copper  con¬ 
ductor  with  a  0.  1  mm  thickness  and  20  % 
expansion. 

This  paper  describes  about  the  characteris¬ 
tics  of  the  newly  developed  foamed  polyethylene 
insulated  junction  cable,  the  results  of  the 
commercial  tests  and  properties  of  the  new 
high  density  polyethylene. 


1,  Introduction 

Paper  insulated  and  star  quadded  multi -pair 
cables  have  traditionaly  been  used  by  NTT  for 
junction  circuits  between  local  exchange  offices. 
Paper  insulated  cables  have  the  following 
advantages,  and  have  been  finding  wide  uses 
for  a  long  time: 

--  Lower  cost:  The  cost  of  insulating  paper 
is  lower  than  any  plastic  insulating 
material,  therefore,  a  lower  cable  cost  can 
be  easily  obtained. 

--  Smaller  cable  diameter:  The  diameters  of 
paper  insulated  cable,  because  of  the  smaller 
dielectric  constant  of  paper  insulation,  are 
smaller  than  those  of  plastic  insulated  cable 
having  the  same  size  and  characteristics. 

--  Abundant  experiance  for  manufacture  and 
installation: 

On  the  other  hand,  the  capacitance  un¬ 
balance  levels  of  paper  insulated  cable  are 
not  satisfactory,  and  it  seems  very  difficult 
to  improve  the  characteristics  further  more. 
When  junction  cables  are  installed,  test 
splices  are  made  at  each  loading  section  to 
compensate  for  the  capacitance  unbalance. 

The  cost  of  test  splices  accounts  for  more 
than  1%  of  total  purchase  price  of  junction 
cables,  and  many  skilled  jointers  are  nece¬ 
ssary  for  them.  It  has  been  anticipated  that 
a  new  cable  requiring  no  test  splices  will  be 
developed  so  that  labor  and  cost  may  be  saved. 

Recently,  plastic  insulations  becoming 
popular,  many  trials  of  plastic  insulation  have 
been  made  on  multi-pair  cables,  and  a  great 
improvement  of  capacitance  unbalance  can  be 
expected  for  plastic  insulated  cables. 

When  developing  a  new  plastic  insulated 
cable,  it  was  thought  necessary  to  consider 
the  cable  design  from  the  following  standpoints: 
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--  Equivalent  characteristics:  The  cables 
must  have  the  same  size  and  mutual 
capacitance  as  traditional  paper  insulated 
cables . 

--  Equivalent  cable  diameter:  Smaller  cable 
diameters  are  preferred  for  the  reason  of 
conduit  conditions.  It  is  necessary  to  make 
cable  diameters  equivalent  to  or  smaller 
that  those  of  paper  insulated  cable. 

--  Low  cost  manufacturing:  It  is  preferred 

to  use  conventional  manufacturing  processes 
or  facilities  as  far  as  possible,  and  a 
high  speed  manufacturing  is  also  required. 

Owing  to  its  excellent  electrical  and 
mechanical  properties,  and  lower  price,  poly¬ 
ethylene  is  the  best  plastic  material  for  insu¬ 
lation  at  present,  and  it  has  been  used  very 
extensively  over  a  long  period  of  time. 

The  dielectric  constant  of  polyethylene 
insulation,  however,  is  considerably  larger 
than  that  of  paper  insulation.  The  following 
consideration  must  be  paid  to  meet  the  above 
requirements: 

--  Thin  wall  thickness  and  foaming: 

--  Toughness:  The  insulation  layer  must  be 
tough  enough  to  prevent  any  insulation  faul¬ 
ty  involved  in  manufacture  and  installation. 

Most  of  polyethylene  used  in  insulation 
is  low  density  polyethylene.  As  is  well  known,, 
it  is  superior  to  high  density  polyethylene  in 
extruding  properties,  but  inferior  in  mecha¬ 
nical  properties,  and  thin  wall  with  it  does 
not  offer  toughness  required  for  cable  manu¬ 
facture.  For  these  reasons,  new  junction 
cables  with  thin  insulation  thickness  of  foamed 
high  density  polyethylene  have  been  introduced. 


2,  Cable  Construction 

Changing  the  cable  construction  from  star 
quad  to  pair  offers  lower  capacitance  unbalances. 
The  star  quad  cables  ,  however,  have  many 
advantages,  such  as  cable  diameter  and  cost 
for  their  smaller  insulation  diameter,  high 
pair  density  and  superior  manufacturing 
efficiency  at  twisting  stage.  The  new  cables 
consist  of  star  quads,  50  or  100  pair  (25  or  50 
quad)  units  and  stalpeth  sheath,  having  a 
nominal  mutual  capacitance  of  0.  050  pF /km, 
and  they  are  almost  equivalent  to  the  existing 
paper  insulated  cables. 

2 . 1  Insulation  Diameter  and  Cable  Diameter 

Calculated  dimensions  of  paper,  solid  PE 
(polyethylene)  and  PEF(foamed  polyethylene) 
insulated  cables  having  a  nominal  mutual  capa¬ 
citance  of  0. 050  pF /km  are  shown  in  Table  1. 

The  diameters  of  solid  PE  insulated  cable, 
as  shown  in  Table  1,  are  too  large  to  be  instal¬ 
led  in  underground  conduit,  but  the  diameters 
of  PEF  insulated  cable  are  equivalent  to  those 
of  paper  insulated  cable  (in  NTT,  the  cable 
diameters  are  limited  to  maximum  71.  5  mm). 

To  reduce  PE  insulated  cable  diameters  to  an 
equivalent  level  of  paper  insulated  ones,  a 
thinner  insulation  that  has  been  foamed 
adequately  to  make  a  smaller  dielectric  con¬ 
stant  is  necessary. 

2 . 2  Lay-up  of  Quads  and  Units 

At  the  designing  and  trial  manufacturing 
stages  of  the  new  cables,  slight  changes  in 
cable  make-up  from  that  of  paper  insulated 
ones  were  made  to  get  compact  and  symmetrical 
cables.  For  an  example,  a  paper  insulated 
1000  pair  cable  consists  of  ten  100  pair  units, 
but  a  PEF  insulated  cable  consists  of  both  four 
50  pair  units  and  eight  100  pair  units  as  shown 
in  Fig.  1. 


Table  1  Cable  Dimensions 


paper  insu- 

solid  PE 

PEF  insulated 

lated  cable 

insulated  cable 

c 

able 

cable 

size 

overall 

insulation 

overall 

insulation 

overall 

diameter 

thickness 

diameter 

thickness 

expansion 

diameter 

mm 

mm 

mm 

mm 

% 

mm 

0. 4mm 

2400  pairs 

65 

0.  13 

72 

0.  10 

20 

65 

0.  5  " 

1800  " 

69 

0.  15 

77 

0.  12 

20 

69 

0.65  " 

1000  ” 

68 

0.20 

76 

0.  15 

20 

68 

0.9  M 

400  " 

61 

0.  27 

72 

0.  21 

20 

65 

184 


(a)  paper  insulated  cable 


’air  Cable 


1 100 1  means 
100  pair  unit 


(b)  PEF  insulated  cable 


1 5 0 f  means 
50pair  unit 

'lOO1  means 
lOOpair  unit 


2 . 3  Electrical  Shield  and  Jacket 

The  PEF  insulated  junction  cables  used 
for  commercial  tests  are  stalpeth  sheathed 
cables,  the  same  as  the  existing  paper 
insulated  cables,  and  an  application  of  a 
laminated  aluminum  polyethylene  sheath  is 
also  under  consideration. 


3.  Properties  of  Polyethylene  for  Insulation 

3 . 1  Physical  and  Mechanical  Properties 

The  new  polyethylene  is  a  high  density  poly¬ 
ethylene  (0.947  grams /cu.  cm) .  When  develop¬ 
ing  the  new  polyethylene,  the  major  problem  was 
to  improve  extruding  difficulties  with  previous 
HDPE  (high  density  polyethylene)  and  obtain 
extruding  properties  equivalent  to  LDPE  (low 
density  polyethylene).  Physical  and  mechanical 
properties  of  newly  developed  HDPE  having 
high  flow  characteristics  (HIGH  FLOW  HDPE) 
are  illustrated  in  Table  2. 

3 . 2  Flow  Characteristics 

Following  two  figures  show  the  flow  charact¬ 
eristics  of  HIGH  FLOW  HDPE.  (Exact  extrud¬ 
ing  properties  of  the  compound  at  the  insulating 
stage  will  be  detailed  in  para.  5. 1.  2). 

The  relation  between  shear  rate  and  shear 
stress,  meaning  flow  characteristics  under  high 
shear  stress  on  compound,  is  presented  in 
Fig.  2.  They  show  that  a  sufficiently  lower 
extruding  pressure  at  the  insulating  stage  will 
be  obtained  with  HIGH  FLOW  HDPE. 


Table  2  Properties  of  HDPE 


properties 

typical  HDPE 

HIGH  FLOW 

HDPE 

testing  method 

melt  index 

0.22 

0.  43 

ASTM-D  - 1238 

specific  gravity 

0.945 

0.947 

ASTM-D- 1505 

tensile  strength  kg/sq- cm 

at  yield 
at  break 

234 

247 

244 

267 

ASTM-D-412 

elongation  % 

at  yeild 
at  break 

19 

800 

16 

970 

ASTM-D-412 

permittivity  (1MHZ) 

2.32 

2.32 

ASTM-D- 150 

dissipation  factor  (1MHz) 

2. 3  x  10"4 

1.  0  x  lO'4 

ASTM-D-  150 

volume  resistivity 

ohms -cm 

4.4  x  1016 

2.5  x  1016 

ASTM-D-257 

environmental  stress  crack¬ 
ing  resistance  (  ESCR  ),  hours 

500  < 

500  <( 

ASTM-D- 1693 

10%  Igepal  at  5  0°C 

thermal  stress  cracking 
resistance  (TSCR  ) ,  hours 

1000< 

\/ 

o 

o 

o 

100°C  oven,  based 
on  ASTM-D- 1693 

brittleness  at  -60 °C 

no  failure 

no  failure 

ASTM-D-746 
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Fig.  2  Shear  Rate  (D)  -  Shear  Stress  (7~) 


The  results  of  screw  torque  measured  by 
Brabender  plasto graph  are  given  in  Fig.  3. 
They  also  show  higher  flow  characteristics  of 
newly  developed  HDPE. 

F ig.  3  Screw  Torque 

by  Brabender  Plasto  graph 

screw  revolution: 

30  rpm 


4 .  Properties  of  Insulated  Conductor 

4.  1  Mechanical  Strength 

Breaking  load,  elongation  at  break  and 
abrasion  resistance  of  insulation  are  listed  in 
Table  3. 

Table  3  Mechanical  Properties 
of  PEF  Insulation 


breaking 

elongation 

abrasion 

diameter 

load 

at  break 

resistance 

LDPE 

HDPE 

LDPE 

HDPE 

LDPE 

HDPE 

mm 

kg 

kg 

% 

% 

0.4 

0..20 

0.59 

340 

370 

22 

225 

0.5 

0.35 

0.72 

330 

440 

43 

965 

0.65 

0.57 

1.  33 

340 

480 

32 

1000  < 

0.9 

0.75 

1.58 

390  i 

, _ i 

460 

73 

1000  < 

*  number  of  alio  wee 

total  cage  revolution 

testing  load:  200g  (for  0.4,  0.5mm  conductor) 
300g  (for  0.65,  0.  9mm  conductor ) 


Abrasion  resistances  are  measured  by  a 
cage  revolution  type  abrasion  resistance  tester. 
The  outward  appearance  of  it  is  shown  in  Fig.  4. 

Fig,  4  Abrasion  Resistance  Tester 
(Cage  Revolution  Type) 


4.  2  Surface  Smoothness  and  Cell  Structure 

The  diameter  and  shape  of  cells  have  a 
relation  to  the  surface  smoothness,  mechanical 
strength,  and  so  on.  The  cells  are  preferred 
to  have  as  small  diameters  as  possible  and  to 
be  independent  of  each  other.  As  is  shown  in 
the  cross-section  (Fig.  5),  the  cells  are 
independent  of  each  other  and  have  diameters 
of  approximately  20  p  or  less. 

Fig.  5  Cross-section  of  PEF  Insulation 


4.  3  Environmental  Stress  Cracking  Resistance 

All  sizes  of  PEF  insulated  conductor  with 
HIGH  FLOW  HDPE  have  been  tested  on  both 
EbCR  (Environmental  stress  cracking 
resistance)  and  TSCR  (Thermal  stress  cracking 
resistance),  and  successful  results  have  been 
obtained  as  shown  in  Table  4.  The  test  methods 
of  stress  cracking  resistance  are  as  follows: 
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ESCR:  Based  on  British  Post  Office 
Telecommunication  Headquarters  Specifica¬ 
tion  CW  128.  Six  contiguous  turns  of  insula¬ 
ted  conductors  shall  be  wound  on  a  6  mm 
mandrel;  the  ends  of  the  wire  being  twisted 
together  to  prevent  slackening.  The  samples 
shall  not  crack  after  immersion  in  a  20  % 
solution  of  Teepol  CH53  at  50"C  for  1500 
hours. 


HDPE  extruding  method  a  solvent 
injection  method*^,  and  so  on.  All  of  the  new 
methods  make  the  melt  viscosity  of  HDPE  lower 
with  solvent,  and  they  need  pre -treatment  of 
HDPE  or  reconstruction  of  manufacturing  faci¬ 
lities  and  are  not  always  good  for  operation 
efficiency  and  expenses.  Various  direct  gas 
injection  systems,  drawing  much  attention,  may 
also  be  applicable  to  the  extruding  of  HDPE. 


TSCR:  Twenty  contiguous  turns  of 
insulated  conductor  shall  be  wound  on  its  own 
diameter.  The  samples  shall  not  crack  after 
aging  in  a  gear  oven  at  100 *C  for  1500  hours. 

Table  4  Stress  Cracking  Resistance 
of  PEF  Insulation 


proper¬ 

ties 

conductor 

size 

previous 

typical 

HDPE 

HIGH 

FLOW 

HDPE 

test 

method 

ESCR 

mm 

0.4 

0.  5 

0.  65 

0.9 

no 

failure 

n 

T! 

ti 

no 

failure 

n 

T! 

11 

based  on 
British 
P.O.T.H. 
Spec.  CW 
128  for 

1500  hours 

TSCR 

0.4 

0.5 

0.  65 

0.9 

no 

f  ailur  e 
n 

it 

IT 

no 

f  ailur  e 
n 

it 

n 

20  turns  on 
its  own  dia¬ 
meter  at 
100°C  for 
1500  hours 

5.  Manufacturing  Method 

5.1  PEF  Insulation 

5.1.1  Various  Extruding  Methods  of 
Foamed  HDPE 


5.1.2  Extruding  of  Foamed  HIGH  FLOW  HDPE 

The  extruding  technique  described  here  is 
an  extrusion  of  HDPE  that  requires  no  pre¬ 
treatment  of  material  and  no  reconstruction  of 
manufacturing  facilities.  The  process  is  safety 
in  that  it  does  not  require  any  hazardous 
solvents.  It  is  exactly  the  same  as  the  con¬ 
ventional  manufacturing  process. 


(a)  Extruders 


Exactly  conventional  extruders  are  applicable. 
The  outline  of  the  extruder  is  as  follows: 


Screw  diameter 
Screw  L /D 
Type  of  screw 
Compression  ratio 


65  mm(2  1/2  in.  ) 
22 

metering  type 
3.7 


(b)  Manufacturing  speed 


Because  of  the  lower  extruding  pressure  by 
an  application  of  HIGH  FLOW  HDPE,  as  detailed 
in  para.  5.  1.  2  (f),  the  mechanical  load  on  the 
extruder  and  back  tension  on  running  wire  redu¬ 
ced  to  small  and  a  manufacturing  speed  of  over 
1000  m/min  was  realized  for  a  0.4mm  conduc¬ 
tor  .  The  speed  is  equivalent  to  that  of  solid 
PE  insulation. 


(c)  Dies,  Tips 


As  is  well  known  extruding  HDPE  is  some¬ 
what  difficult; particularly  a  thin  wall  coating  by 
high  speed  extrusion  seems  to  have  been  almost 
impossible.  Therefore,  a  coating  method*1  of 
HDPE  was  developed  and  has  been  practically 
applied  to  very  fine  gauge  (0.  32  mm).  It  is  a 
method  for  coating  HDPE  melted  in  solvent 
like  xylene,  toluene, and  so  on.  The  process 
has  been  proved  to  be  excellent;  however ,  it 
has  not  been  so  widely  used  because  of  its 
higher  cost  due  to  big  manufacturing  facilities 
and  lower  manufacturing  speed. 

Some  new  methods  or  modified  conventional 
methods  are  now  being  developed.  References 
have  already  made  to  a  modified  coating  method*2 
using  powdered  HDPE  and  solvent,  a  swelled 


A  study  on  extruding  dies  shows  that  even 
shorter  land  dies  than  those  for  solid  PE  insu¬ 
lation  provide  smooth  insulation  surfaces  and 
uniform  cell  structures.  Draw  down  ratios 
from  60  to  80  percent  are  suitable  for  each 
gauge. 

It  was  not  necessary  to  make  further  studies 
on  tips,  the  same  tips  used  for  ordinary  solid 
PE  insulation  are  also  suitable  for  PEF  insulation 
Diamond  tips  are  employed  to  get  a  long  life. 

(d)  Chemical  Blowing  Agents 

Chemical  blowing  agents  should  be  selected 
on  the  basis  of  their  decomposition  tempera¬ 
ture  and  the  melt  strength  of  resin  at  extruding 
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temperature.  For  HIGH  FLOW  HDPE,  gene¬ 
rally  used  chemical  blowing  agents  of  azodi- 
carbonamide  show  satisfactory  results.  The 
agents  change  into  gases  at  a  temperature  of 
160  -  190 *C  and  one  gram  of  them  makes 
approximately  200  -  250  cc  gases. 

(e)  Extruding  Temperature 

Appropriate  extruding  temperatures  for 
many  kinds  of  HDPE  have  been  found  to  be 
approximately  200 *C  according  to  studies. 

An  extruding  temperature  of  190  -  210 °C  makes 
good  foams  for  HIGH  FLOW  HDPE. 


sustained  many  insulation  defects  caused  at 
twisting  and  stranding  stages  because  of  its 
poor  mechanical  strength,  and  the  manufactur¬ 
ing  speed  was  forced  to  be  reduced  to  low  level, 
compared  with  that  of  the  paper  insulated  cable. 
HDPE,  however,  can  make  the  manufacturing 
speed  equivalent  to  that  of  paper  insulated 
cables  without  impairing  insulation,  A  speed 
of  1000  rpm  by  double  twisting  type  quadding 
machines  (2000  twists  per  minute)  is  applicable 
to  foamed  HDPE  insulated  conductors.  The 
manufacturing  efficiency  at  unit  stranding  and 
cabling  stages  is  also  equivalent  to  that  of  paper 
insulated  cable. 


(f)  Extruding  Pressure 


6.  Electrical  Characteristics  of  the  Cables 


As  shown  in  Fig.  6,  the  extruding  pressure 
for  the  0.4  mm  conductor  at  a  line  speed  of 
1000  m/min  is  approximately  400  kg/sq.  cm, 
and  it  is  substantially  lower  than  that  of  typical 
HDPE,  and  also  somewhat  lower  than  that  of 
LDPE.  As  an  extruding  pressure  of  typical 
HDPE  becomes  more  than  500  kg/sq.  cm  at  a 
line  speed  of  600  m/min,  it  is  impossible  to 
apply  a  conventional  extruding  technique  for  it. 

Because  of  their  larger  die  hole  diameters, 
lower  pressures  are  obtained  for  0.5,  0.65 
and  0.  9  mm  conductors. 

Fig.  6  Extruding  Pressure 
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(g)  Wire  Pre-heating 

An  elongation  of  insulation  largely  depends 
upon  wire  pre-heating  conditions.  Especially 
in  case  of  HDPE,  it  is  affected  very  sensitive¬ 
ly  by  pre-heated  wire  temperature.  For  HIGH 
FLOW  HDPE,  a  higher  pre-heating  temperature 
than  that  for  LDPE  makes  good  results. 


A  trial  PEF  insulated  cable  made  from  LDPE 


200  400  600  800  1000 

wire  coatinp  speed  ,  m/min 


,1  Mutual  Capacitance 


Existing  paper  insulated  junction  cables  are 
designed  to  have  an  average  mutual  capacitance 
of  0.  050  pF/km.  The  new  PEF  insulated  junc¬ 
tion  cables  are  designed  to  have  the  same  mutual 
capacitance  as  paper  insulated  cables,  and  the 
results  of  them  are  shown  in  Table  5. 


6.2  Capacitance  Unbalance 


A  remarkable  advantage  of  the  new  PEF 
insulated  junction  cables  is  smaller  capaci¬ 
tance  unbalances  than  those  of  paper  insulated 
cables.  The  new  cables  have  an  approximately 
1/3  capacitance  unbalances  between  pairs  in  the 
same  quad,  comparing  with  the  exsisting  paper 
insulated  cable,  as  shown  in  Table  6. 


The  relation  between  capacitance  unbalance 
and  cable  length  is  not  evident,  but  generally 
and  simply  speaking  they  have  the  following 
relationship: 

K  =  pL^ 

K  :  average  capacitance  unbalance 
p  :  constant  (determined  by  cable  type) 

L  :  cable  length 

q  :  constant  (determined  by  cable  type) 

For  an  ideal  cable  having  random  couplings 
along  the  length  (the  couplings  showing  the  nor¬ 
mal  distribution),  the  constant  q  should  be  0.  5, 
but  actually  q  exceeds  0.  5  for  any  cases  because 
of  manufacturing  irregularities.  For  paper 
insulated  cables  in  particular,  the  fact  is  that 
the  constant  q  comes  to  nearly  0.9.  An  exami¬ 
nation  of  the  new  PEF  insulated  cable  for  the 
relation  between  capacitance  unbalance  and 
cable  length  reveals  that  the  constant  q  is  appro¬ 
ximately  0,  7.  Based  on  this  fact,  it  can  be  an¬ 
ticipated  that  PEF  insulation  is  suitable  even 
for  long  cable  length. 
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capacitance  unbalance  (  K  )  ,  pF 


Table  5 

Average  Mutual  Capacitance 
Junction  Cable 

5  of 

cable  Size 

paper  insulated 
cable 

PEF  insulated 
cable 

r  equir  ements 

0.4mm  2400  pairs 

0.5  1800 

0.65  1000 

0.9  400 

jiF  /km 

0. 0493 

0.0496 

0. 0498 

0. 0485 

pF  /km 

0. 0478 

0.0492 

0. 0493 

0. 0485 

jxF  /km 
0. 050  +  0. 005 

T1 

1  1 

P 

Table  6  Capacitance  Unbalances 


cable  size 


cable  length 


orrected  capacitance  unbalances  between 
pairs  in  the  same  quad 

paper  insulated  PEF  insulated 

cable  cable  _ 


individual 

maximum 


individual 

maximum 


0.4  mm  2400  pairs 
0.5  1800 

0.65  1000 

0.9  400 


7  Cable  Length -Capacitance 
Unbalance 

(0.5mm  PEF  insulated  star 
quad  junction  cable) 


6.  3  Characteristic  Impedance  and 
Attenuation  Constant 

The  measurements  of  characteristic  impe¬ 
dance  and  attenuation  constant  of  0.4  mm  2400 
pair  and  0.65  mm  1000  pair  cables,  for  example, 
are  shown  in  Fig.  8(a)  and  (b). 

PEF  insulation  is  superior  to  paper  insulation 
in  high  frequency  characteristics. 


200300  500  1000  20003000  5000 

cable  length  (  L  )  ,  m 


cable  length: 


Fig.  8  Characteristic  Impedance  and 
Attenuation  Constant 
(Typical  Values) 


(a)  0.4  mm  2400  pairs 


2  3  5  10  20  30  50  100  200  300  500  1000 

frequency  ,  kH* 


(b)  0.  65  mm  1000  pairs 


1  2  3  5  10  20  30  50  100  200  300  500  1000 

frequency  ,  kH* 


7.  Commercial  Test  of  New  Cable 

A  total  of  42  km  of  new  PEF  insulated  junc¬ 
tion  cables,  0.  4  mm  2400  pairs,  0.  5  mm  1800 
pairs,  0.  65  mm  1000  pairs  and  0.  9  mm  400 
pairs,  are  installed  for  commercial  test  that 
started  from  the  autumn  of  1970.  The  cables 
are  jointed  without  any  test  splices. 


7.1  Cost  of  Test  Splice 


Test  splices  are  costly;  for  an  average  four 
jointers  take  two  days  to  complete  test  splices 
of  1000  pair  paper  insulated  cable.  The  cost 
difference  between  test  splices  and  normal 
(straight)  splices  exceeds  1  %  of  the  purchase 
price  of  junction  cables. 


7.  2  Requirements  for  Capacitance  Unbalance 
and  NXT 


The  capacitance  unbalances  between  pairs 
in  the  same  quad  for  existing  paper  insulated 
junction  cable  are  specified  as  follows  for  each 


average  :  max.  100  pF 
individual  :  max.  600pF 

For  correction,  the  measured  values  are 
divided  by  Jh~/lS0,  where  L  is  the  cable 
length  under  tests. 

The  paper  insulated  cables,  after  installation, 
are  jointed  with  test  splices  at  the  middle  point 
of  each  loading  section,  and  with  normal 
(straight)  splices  at  the  other  points.  NXT 
(near -end  crosstalk)  measurements  at  final 
test  must  meet  the  following  requirements  at 
1  kHz: 

90  %  of  all  values  :  68  dB  or  better 

100%  of  all  values  (worst)  :  65  dB  or  better 

As  a  result  of  the  investigation  of  the  rela¬ 
tion  between  capacitance  unbalance  and  NXT  of 
existing  paper  insulated  junction  cables,  the 
following  target  capacitance  unbalances  for  the 
new  PEF  insulated  junction  cables  were  found 
to  meet  the  above  requirements  for  NXT. 

average  :  max.  30  pF /150m 
individual  :  max,  180  pF/150m 

The  capacitance  unbalance  and  NXT  in  load¬ 
ed  circuits,  as  is  known,  have  the  following 
relation'^: 

_  -4n<* 

NXT  =  188.  67-20  logf  -  10  log-^2 - -20  logZ 

Ca 

-  20  logK 

where 

NXT  :  average  NXT  ,  dB 

f  :  frequency,  kHz 

n  :  number  of  loading  sections 

(X  '  attenuation  constant  per  loading 

section,  neper 

Z  :  characteristic  impedance,  ohms 

K  :  average  capacitance  unbalance 

per  loading  section,  pF 

7.  3  Resultant  NXT  at  Final  Test 

The  resultant  NXT  for  0.  5  mm  1800  pairs 
obtained  by  commercial  test  is  shown  in  Table 
7,  and  it  satisfies  the  requirements  completely 
(para.  7.2).  The  results  of  the  other  sizes  are 
now  being  summed  up,  which  are  supposed  to 
be  good. 

As  illustrated  in  Table  7,  the  NXT  of  the 
new  junction  cable  without  any  test  splices  is 
equivalent  to  that  of  paper  insulated  one  with 
test  splices. 
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Table  7  Resultant  NXT  at  Final  Test 


(a)  paper  insulated  junction  cable  with  test 
splices  :  route  length  3422  m  (4  loading 
sections) 

(b)  PEF  insulated  junction  cable  without  test 
splices  :  route  length  3554m  (4  loading  sections) 


unit  No. 

(a)  paper  insulated 
junction  cable 

(b)  PEF  insulated 
junction  cable 

90%  of  all 
values 

worst 

90%  of  all 
values 

worst 

dB 

dB 

dB 

dB 

1 

75  or  better 

67 

80  or  over 

76 

2 

76 

72 

76  " 

73 

3 

72  " 

68 

74  " 

68 

4 

76 

67 

75  " 

73 

5 

73 

67 

73  ” 

69 

6 

75 

72 

73 

69 

7 

75 

72 

74 

70 

8 

73 

70 

90  " 

75 

9 

78 

75 

73 

70 

10 

79 

74 

73 

70 

11 

78 

74 

80 

80 

12 

78  n 

73 

80  M 

80 

13 

81  " 

74 

83 

78 

14 

80 

76 

85 

83 

15 

80 

72 

83 

78 

16 

81  " 

76 

81  " 

70 

17 

77 

71 

83  " 

73 

18 

82  " 

78 

83 

73 

requirement 

68 

65 

68 

65 

♦  The  measurements  were  made  between  pairs  in  the  same 
quad  at  a  frequency  of  1  kHz. 

♦  Refer  to  Table  6  for  capacitance  unbalance  of  cable 
length. 


7 . 4  A  New  Idea  on  Test  Splice 

Though  the  PEF  insulation  makes  it  possible 
to  improve  NXT  characteristics,  to  get  better 
transmission  qualities,  a  new  trial  has  been  applied 
to  0.  65  mm  1000  pair  cables. 

As  shown  in  Fig.  9,  pair  transposition  between 
adjacent  quads  has  been  made  at  the  middle  point 
of  each  half  of  loading  section.  By  calculation, 
the  trial  is  expected  to  improve  NXT  level  by 
approximately  3  dB. 


F ig.  9  Pair  Transposition  between 
Adjacent  Quads 


one 

quad 


( 


1 3 1  pair 
2nd  pair 


L 


A 

I 


B 


A 

4- 

T 


adjacent  ,  lst  Pair 
quad  '  2nd  pair 


I 


L  :  loading  point 
B  :  middle  of  loading  section 
A  :  middle  of  half  of  loading  section 
L-L  :  loading  section 
L  -  B  (  B  -  L  )  :  half  of  loading  section 
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Conclusion 


References 


Foamed  polyethylene  insulated,  star  quad, 
multi-pair  junction  cables  having  smaller  capa¬ 
citance  unbalances  have  been  newly  developed 
to  dispense  with  test  splices  required  for  paper 
insulated  junction  cables. 

To  have  a  higher  pair  density  equivalent  to 
that  of  paper  insulated  cable,  the  conductors  of 
the  cable  are  insulated  with  a  thin  wall  of  high 
density  polyethylene  to  get  a  mechanical 
toughness.  Not  a  few  extruding  methods  for 
high  density  polyethylene  have  been  developed 
to  eliminate  extruding  difficulties  involved  in 
the  material,  but  they  call  for  pre-treatment  of 
material  or  the  reconstruction  of  manufactur¬ 
ing  facilities  because  a  solvent  like  xylene, 
toluene,  etc.  must  be  used.  High  density  poly¬ 
ethylene  described  in  this  paper  shows  good 
flow  characteristics  at  the  extruding  stage,  so 
a  manufacturing  efficiency  equivalent  to  that 
of  low  density  polyethylene  is  obtained.  As  the 
result  of  the  commercial  tests  to  date,  it  is 
now  becoming  clear  that  test  splices  will  be  not 
needed  for  the  new  cables  in  meeting  the  cross¬ 
talk  requirements. 
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PURE  ALUMINIUM  CONDUCTORS  IN  FULLY  FILLED 
CELLULAR  POLYETHYLENE  INSULATED  TELEPHONE  CABLES 


Pierre  P.  PATOUT 

Trefimetaux  (Pechiney  group)  Paris,  France 


Summary 

Since  1969,  the  department  of  insulated  wires 
and  cables  of  Trefimetaux  (Pechiney  group)  has 
undertaken  in  connection  with  the  research  center 
(CNET)  of  the  French  ministry  for  telecommunications 
(PTT),  the  study  of  design,  manufacturing,  laying 
and  jointing  of  overhead  and  underground  local  tele¬ 
phone  cables  using  aluminium  conductors* 


The  use  of  aluminium  in  this  field  is  already 
established  in  several  countries,  particularly  in 
the  United  Kingdom,  in  USA  and  in  Australia  - 
1  'to  9,  but  the  characteristics  of  the  French  tele¬ 
phone  cables,  particularly  the  star  quadding  and 
the  specified  level  for  capacitance  unbalances  have 
necessitated  the  development  of  adequate  technical 
processes* 


The  demand  for  local  paper  cables  is  decrea¬ 
sing  and  will  be  almost  non-existent  within  a  few 
years*  For  this  reason,  the  study  of  aluminium 
as  a  substitute  for  copper  was  limited  to  polyethy¬ 
lene  cables. 


Table  1  gives  the  main  characteristics  of  the 
local  cables* 


It  shows  that  the  capacitance  unbalance 
values  prescribed  by  the  French  Post  Office  are 
rather  stringent,  particularly  for  the  89  and  99 
types  which  were  recently  introduced  to  increase 
the  transmission  possibilities  of  the  local  cables 
and  tried  with  the  PCM  system  ( Pulse  code  modula¬ 
tion)  • 


This  report  shows  that  it  is  possible  to  manu¬ 
facture  cables  using  pure  aluminium  (E.C*  grade) 
wires  of  diameter  down  to  0*5  mm  (24  AWG  gauge) 
which  have  convenient  electric  characteristics  and 
sufficient  mechanical  strength  to  be  laid  and 
jointed  satisfactorily  under  normal  conditions. 


The  polyethylene  local  cables  are  either 
overhead  (25  #  of  total  length  of  fabricated  pairs) 
or  pulled  through  underground  PVC  ducts. 
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Main  Characteristics 

of  the  French  Telecommunication  Local  Cables 

Although  they  are  identified  by  the  number  of 
pairs,  these  cables  are  always  twisted  in  star  quads. 

The  average  mutual  capacitance  is  50  nF/km 
(80  nF/mile)  for  all  types* 


They  are  either  paper  or  polyethylene  insu¬ 
lated.  The  water-tightness  of  the  paper  cables  is 
obtained  by  a  lead  sheath.  The  screen  of  polyethy¬ 
lene  cables  is  a  longitudinally  applied  aluminium 
tape  coated  with  an  olefinic  polymer  which  is 
formed  around  the  cable  just  before  extrusion  of 
the  outer  polyethylene  sheath,  thus  forming  the 
moisture  barrier. 


Overhead  polyethylene  local  cable 


1  *  Solid  conductor 

2.  Polyethylene  insulation 

3.,  4.  and  5.  Waterproof  synthetic  tapes 

6.  Tinned  copper  continuity  wire 

7.  Aluminium  moisture  barrier 

8.  Steel  messenger 

9*  Polyethylene  sheath 
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Table  1 


Main  French  Specifications  of  Local  Cables 


Type: 
of 

Main  Cables 

Characteristics 


Conductor  diameter  (mm) 
AWG  gauge 


Insulation 


Identification  of  insu¬ 
lated  conductors 


Cabling  element 


Stranding 

concentric 

units  of  14  p. 
units  of  28  p. 
units  of  112  p. 
units  of  224  p. 


Screen  and 
external 
protection 


Ohmic  Resistance 
Unbalance 


Average  Mutual 
Capacitance  (nP/km) 

"  (nP/mile) 


Pair  to  pair 
Capacitance  Unbalance 
(pF) 

-  for  length  (m) 

(feet ) 

-  within  a  quad, 

Average  values 

Maximum  values 

-  between  quads 

Average  values 

Maximum  values 


84,  85  and  87 
(decreasing  demand,) 


0.4  -  (0.5)-0.6-0.8-1 

26-  24  -  22-  20-18 


paper 


Coloured  rings 


Star  Quad 

(with  Pe  threads  binders) 


from  2  to  56  pairs  and 
336  pairs 

112  and  224  pairs 
448,  672  and  896  pairs 
1344  and  1792  pairs 


Type  84 
Type  85 

Type  87 


lead  sheath 

lead  sheath 
and  steel 
tape  armour 

steel  sheath 
(welded  and 
corrugated ) 
and  Pe  sheath 


50 

80 


300 

985 


100 

300 


600 

1968 


170 

510 


88  and  98 

(increasing  demand) 


0.4  -  (0.5)  -  0.6  -  0.8 
as  -  24  -  22  -  18 


89  and  99 

(high  increasing  demand) 
usable  in  PCM  system 


0.8 

20 


Polyethylene  (low  density,  Melt  Index  <  0.5) 


1 1  colours  of  insulation 


Star  Quad 
(without  binders) 


56  pairs 

from  112  to  1792  pairs 


8-14  and  28  pairs 

56  pairs 

from  112  pairs  to  448  p. 


Types  88  and  89  :  Pe  sheath  (low  density,  melt 
index  0.3)  on  an  aluminium 
olefinic  polymer  coated  tape 

Types  98  and  99  :  Pe  sheath  with  messenger  on  an 
aluminium  olefinic  polymer 
coated  tape 


2R 

<  +  1 

for  95  P 
of  pairs 

AR 

2R 

<  2  )o 

for  100>6 
of  pairs 

50 

80 


300 

985 

600 

1968 

300 

985 

600 

1968 

70 

100 

35 

50 

300 

500 

150 

250 

35 

50 

15 

25 

150 

250 

75 

125 
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Description  of  the  First  Orders  for  Cables 
manufactured  with  Aluminium  Conductors 

Table  2  gives  a  list  of  the  cables  already 
manufactured  by  Trefimetaux  GP  for  the  French 
Administration.  This  table  shows  the  types  of 
cable,  the  quality  of  the  metal  and  some  manufac¬ 
turing  details. 

The  first  three  orders  (0.63  mm>22  AWG, alumi¬ 
nium  instead  of  0.5  umJ24  AWG^copper  conductors) 
concerned  overhead  cables,  so  that  it  was  advanta¬ 
geous  to  exploit  the  lower  density  of  aluminium  and, 
at  the  same  time,  check  the  behaviour  of  these  con¬ 
ductors  under  the  mechanical  stressing,  inherent  to 
overhead  cables. 

The  fourth  order  provided  necessary  experience 
in  pulling. 

As  these  experimental  lines  were  subjected  to 
frequent  inspection  and  control,  the  cheaper  and 
simpler  design  was  adopted  :  solid  polyethylene  insu¬ 
lation  and  moisture  barrier  polyethylene  sheath  with 
no  filling  (as  for  copper  conductors). 


These  cables  were  laid  in  regions  of  France 
selected  to  provide  a  variety  of  climatic  conditions. 

Half  of  the  fifth  order,  with  0.5  mm  (24  AWG) 
aluminium  conductors  (equivalent  to  0.4  mm  (26  AWG) 
copper  conductors)  was  manufactured  to  the  same 
design  as  for  0.63  mm  (22  AWG)  cables,  i.e.  no 
filling  and  solid  polyethylene  insulation  (Fig.  2). 
For  the  other  half,  jelly  filling  and  cellular  poly¬ 
ethylene  were  used.  The  cellular  insulation  was 
adopted  in  order  to  compensate,  as  far  as  possible, 
the  specific  inductance  capacity  (SIC)  of  the  jelly 
without  changes  in  capacitance  and  external  diameter. 

These  cables  will  be  pulled  into  ducts  and 
their  behaviour  will  be  compared. 

All  the  cables  insulated  with  solid  polyethy¬ 
lene,  and  consequently  stranded  without  filling, 
were  delivered  with  a  dry  air  pressure  of  0.6  kg/cm2 
(8.6  lb/sq.in.). 


The  first  two  orders  were  particularly  useful, 
technologically,  for  the  selection  of  the  best  type 
of  aluminium  for  this  application,  whilst  the  third 
order  was  exploited  in  modifying  and  perfecting  the 
equipment  to  high-speed  wire-drawing  and  insulation 
on  the  same  line,  reducing  simultaneously  wire 
breakages  to  an  acceptable  level. 


We  then  determined  the  optimal  annealed 
wire  diameter  to  insure,  after  final  drawing  : 

-  the  required  mechanical  properties  to  resist 
fabrication- line  tensions, 

-  an  acceptable  level  of  capacitance  unbalance, 

-  good  behaviour  in  jointing. 

The  last-mentioned  order  (0.5  mm  alundnium 
wires)  was,  however,  the  most  critical  for  it 
necessitated  a  choice  : 

-  between  commercially  pure  aluminium  or  an  alloy, 

-  of  a  practical  cellular  polyethylene  compound, 

-  of  a  filling  process  guaranteeing  good  penetra¬ 
tion  of  the  jelly. 


Fig.  2  -  112  pairs  0.5  mm  (24  AWG)Alu 


Aluminium  Wires 


After  careful  examination,  we  finally  choose  a 
grade  of  aluminium  within  the  range  employed  in 
FRANCE  for  electrical  applications  :  A5L.  This 
grade  contains  more  than  99.5  c/°  of  pure  aluminium 
and  less  than  0.10  c/o  of  silicon. 
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Table  2 


Aluminium  Conductors  in  Polyethylene  Local  Telephone  Cables 

TlffiFII-KTAUX  GP  Realizations  un  to  July  1st  1971 


1st  Order 

2nd  Order 

3rd  Order 

4th  Order 

5th  Order 

Type  of  Cable 

56  p.  0.65mm 
122  gauge) 

Overhead 
(PTT  type  98) 

112  p.  0,63  mm  (22  gaugej 

Overhead 
(PTT  type  98) 

1 12  p. 0.63mm 
(22  gauge; 

In  PVC  ducts 
(PTT  type  88J 

112  p.  0.5  mm  (24  gauge; 

In  PVC  ducts 
(PTT  type  88J 

Length  involved 

tail) 

(miles,) 

3 

1.9 

6 

3*7 

.. 

7.5 

4.7 

7.5 

4.7 

4.5 

2.8 

4.5 

2.8 

Hardness  of  the 

Wire  at  the  finished 
diameter 

3/4  hard 

3/4  hard 

3/4  hard 

3/4  hard 

3/4  hard 

3/4  hard 

Insulation 

Solid 

polyethylene 

Solid 

polyethylene 

Solid 

polyethylene 

Solid 

polyethylene 

Solid 

polyethylene 

Cellular 
polyeth,  in  a 
fully  filled 
cable 

Successive  wire¬ 
drawing  and  insu¬ 
lation  on  the 
same  line 

No 

No 

Tes 

Yes 

Yes 

Yes 

*  These  orders  represent  about  half  of  the  whole  mileage 
of  aluminium  cables  commissioned  by  the  CHET  program. 
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In  all  cases,  3/4  hard  temper,  in  accordance 
with  CNET  specification  CM2  and  GPO  specification 
CW  2163,  was  adopted  so  that  the  wire  could  with¬ 
stand  the  stress  of  extrusion  line. 

Table  3  gives  the  mechanical  and  electrical 
characteristics  obtained  on  the  0,63  mm  (22  gauge) 
wires  before  insulation. 

Table  3 


Diameter 

mini. 

mm  aver, 

maxi. 

0.627 

0.629 

0,630 

mini. 

mils  aver. 

maxi. 

24.6 

24.7 

24.8 

Breaking 

strength 

mini. 

kg/mm2  aver. 

maxi. 

17.5 

18 

18.6 

.  . 

mini, 

KSI  aver, 

maxi. 

24.9 

25.6 

26.4 

Elongation 

mini . 
ft  aver. 

maxi. 

0.5 

0.8 

1 

Bending 

test 

i 

mini. 

(l)  aver. 

maxi. 

7 

8 

9 

Wrapping 

test 

mini, 

(2)  aver. 

maxi. 

3 

Isi 

4 

D  ......  lift,  cm 

Resistivity  •  ,7  ucs 

2.737 
!  63 

i 

(l )  Bending  test  :  on  a  radius  of  1*5  mm  (0.06") 
Number  of  bends  to  break 


(2)  Wrapping  test  :  10  turns  on  a  mandrel  having 
the  same  diameter  as  the  wire 
and  under  a  load  of  0,360  kg  | 
(0.8  lb).  ; 


When  we  decided  to  use  the  wire-drawing 
machine  installed  on  the  extrusion  line,  we  tried 
three  intermediate  diameters  4,  3  and  2.4  mm 
(0.157",  0.118"  and  0.094")  annealed  aluminium 
wire.  The  mechanical  characteristics  of  the  0.63mm 
(22  AWG)  wires  were  comparable  to  those  shown  in 
table  3,  except  for  the  wire  drawn  from  2.4  mm 
(0.094")  which  had  a  lower  breaking  strength  : 

12.7  kg/mm2  (18  KSl) 


On  the  other  hand,  it  was  possible  to  diffe¬ 
rentiate  between  the  wires  drawn  from  the  3  diffe¬ 
rent  diameters  by  the  springback  test  (See  table  4) 


Table  4 


Springback  test 

0.65  nun  (22  A'.v'G) 
drawn  from 

4  mm 
(0.157") 

i  mm 
(0.1 18” j 

2,4  mm 
(o.o94n; 

According  to  NEKA 
method  (3  turns  on 
a  47.6  mm  mandrel 
diameter) 

87 

- 

80 

According  to  IEC 
method  (5  turns  on 
a  37.5  mm  mandrel 
diameter) 

65 

i 

62 

i - 

- 

We  shall  see  in  the  part  concerning  the  cable 
performances  that  there  is  a  correlation  between 
the  results  of  the  springback  test  and  the  capaci¬ 
tance  unbalance. 

Our  choice  also  took  into  account  of  the  num¬ 
ber  of  wire  breaks  (low  breaking  strength)  and  the 
cost. 

As  a  result,  we  think  that  3  mm  (0.1163") 
annealed  wire  is  the  best  starting  diameter  for 
0.63  mm  (22  AWG)  3/4  hard  finished  wire. 

The  problem  is  more  difficult  with  0.5  mm 
diameter  wire  (24  AWG),  because  its  breaking 
strength  is  quite  close  to  the  tension  on  a  high 
speed  extrusion  line. 

We  decided  to  start  from  an  annealed  2  mm 
(0.079")  wire  originating  from  shaved  rod.  More¬ 
over,  we  checked  this  annealed  stock  with  an  eddy 
current  defect  detector  to  eliminate  doubtful  wires 
before  using  on  our  drawing-extruding  line. 

The  principle  of  this  apparatus  is  as  follows: 
The  wire  passes  along  the  axis  of  a  primary  coil 
system,  generating  a  high  frequency  alternating 
magnetic  field.  Eddy  currents  so  produced  in  the 
wire  give  rise  to  an  induced  voltage  in  two  secon¬ 
dary  coils,  placed  close  to  the  primary  ones.  If  the 
wire  is  homogeneous,  induced  voltages  are  equal  and 
opposed.  As  a  result,  the  instrument  reading  is 
nil. 
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If  there  are  irregularities  in  the  wire,  the 
field  becomes  unbalanced  in  the  secondaiy  coil  sys¬ 
tem  and  the  resulting  voltage  is  indicated  on  a 
cathode  screen  by  a  point.  The  position  of  this 
point  depends  on  sample  characteristics  and  on  the 
choice  of  testing  frequency. 

Defects  in  the  wire  cause  movement  of  the 
point  in  different  directions. 

It  is  possible  to  calibrate  the  instrument 
to  eliminate  only  unacceptable  defects. 


For  economic  reasons,  it  is  very  important  to 
produce  an  insulated  wire  at  very  high  extruding 
speed.  Melt  index  and  density  are  not  the  only 
parameters  contributing  to  smooth  insulation  at 
speeds  of  1000  m/min  (3  300  feet/min)  and  above. 

It  is  also  necessary  to  select  a  polyethylene 
having  optimum  melt  flow  properties. 

It  is  not  the  purpose  of  this  paper  to  dis¬ 
cuss  all  the  aspects  of  this  problem,  but  only  to 
point  out  that  the  polyethylene^sed  has  a  narrow 
molecular  weight  distribution  and  a  low 

amount  of  long  chain  branching. 


We  think  the  use  of  such  a  control  instrument 
is  essential,  to  be  able  to  use  carefully  small 
gauge  pure  aluminium  wires,  but  it  may  become  pos¬ 
sible  to  find  a  quality  of  metal  which  makes  the 
use  of  such  an  instrument  unnecessary. 


The  mechanical  properties  of  the  0,5  mm  wire 
(24  AWG)  manufactured  by  the  process  finally  selec¬ 
ted  were  : 

Table  5 


-  Diameter 

mm 

mils 

-  Breaking  strength 

-  kg/mm2 

-  K3I 

-  Elongation  - 

(y 

-  Springback 
(lEC  method) 

0.499 

(0.498  to  0.501) 

19.64 

(19. 60  to  19.72) 

13.6 

(12.6  to  14.7) 

19.3 

(17.9  to  20.9) 

1.4 

(1.0  to  1.5) 

49 

(47  to  51) 

The  inlet  wire  for  the  tandem  machine' was 
stored  before  use  in  a  low  humidity  atmosphere 
free  from  copper  dust  to  avoid  possibility  of 
corrosion. 


Solid  Insulation  Polyethylene 

The  material  used  was  a  commercial  low  densi¬ 
ty  polyethylene  with  a  melt  index  (MI2)  of 
0.30  g/10  min  and  a  density  at  20°C  (68°F)  of 
0.927  g/cm3  (0.0335  lb/cu.in.).  This  material 
which  has  a  slightly  higher  density  than  the 
conventional  grade  for  insulation,  provides  the 
improved  mechanical  properties  required  for  stran¬ 
ding  and  further  processing. 


MW  (molecular  weight)  and  Mn  (molecular  num¬ 
ber)  were  determined  from  gel  permeation  chromato¬ 
graphy. 


Cellular  Insulation  Polyethylene 

The  material  used  was  a  low  density  polyethy¬ 
lene  compound  with  a  blowing  agent  incorporated  by 
the  supplier.  The  polyethylene  basis  of  this  com¬ 
pound  is  practically  the  same  type  as  for  solid 
polyethylene  insulation. 


Polyethylene  Sheathing  Compound 

The  material  used  was  a  low  density  polyethy¬ 
lene  compounded  with  2  /  of  special  carbon  black. 
The  polyethylene  basis  density  is  0.920  ^cm3 
(0.0332  lb/cu.in.)  and  the  melt  index  (KI2)  is 
0.25  g/10  mn.  This  very  low  melt  index  provides 
a  good  resistance  stress-cracking  of  the  sheath. 


Polyethylene  Coated  Aluminium  Tape 

Laminated  pure  aluminium  coated  on  one  side 
with  an  extruded  olefinic  polymer  film  was  used. 


Two  types  were  adopted  according  to  sheath 
diameter  : 

Alu  -  PE  80/40  Aluminium  thickness  0.08  mm  (3.1  mils) 
coating  thickness  0.04  mm  (1.5  mils) 

Alu  -  PE  150/60  Aluminium  thickness  0.15mm  (5.9  mils) 
coating  thickness  0.06mm  (2.3  mils) 


The  petroleum  jelly,  used  in  the  fully  filled 
telephone  cables,  was  a  compound  of  a  heavy  hydro¬ 
carbon  and  a  microcristalline  wax. 
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Its  specific  inductance  capacity  (SIC)  was 
2.2  and  its  drop  point  66°C  (l51°F)  for  underground 
cables.  In  the  future,  we  shall  use  a  compound  with 
a  drop  point  of  78°C  (l75°F)  for  overhead  cables. 


These  qualities  were  chosen  after  various 
compatibility  test3  with  cellular  polyethylene. 


The  compatibility  tests  are  described  in  the 
part  concerning  the  cable  performances. 


Cable  Manufacture 


The  aim  of  this  chapter  is  to  describe  the 
manufacturing  processes  used  for  0,5  mm  (24  AWG) 
conductors  cables.  Some  results  on  0.63  mm  (22  AWG) 
conductors  are  only  given  for  comparison.  However, 
the  machines  and  technological  methods  used  are 
exactly  the  same  for  0.5  mm  (24  AWG)  or  0.63  mm 
(22  AWG)  aluminium  conductor  cables. 


Wire-Drawing 

The  advantages  of  wire  drawing  and  insulation 
operations  on  the  same  line  are  : 

-  Cost  reduction 

-  Negligeable  wire  oxydation,  i.e,  fewer  defects  in 
the  spark  test. 

-  Uniform  wire  diameter,  i.e,  better  values  of  capa¬ 
citance  unbalances  and  resistance  unbalances. 


The  wire-drawing  insulation  line  used  for 
aluminium  conductors  is  equipped  with  rotating 
30  inch  diameter  pay  off  drums. 


The  wire-drawing  machine  is  a  conventional 
non  slip  17  dies  drawing  machine,  24  /<>  theoretical 
elongation  per  die  and  ceramic  cones. 


In  practice,  while  drawing  wire  from  2  mm 
(0.079")  annealed  stock  down  to  0.5  mm  (24  gauge), 
we  used  12  diamond  dies  with  an  elongation  of  about 
26  p  per  die,  and  with  a  small  amount  of  slip. 


A  special  oil  for  aluminium  (Aludraw  N°  G) 
was  used  as  lubricant  and  oil  temperature  was 
maintained  under  50°C  by  means  of  a  cooler,  on 
the  circulation  system. 


Before  processing  aluminium,  the  tandem  line 
was  carefully  cleaned,  particular  attention  being 
given  at  the  wire  drawing  machine  to  remove  copper 
dust  which  could  cause  corrosion  of  the  aluminium. 


The  mechanical  parts  of  the  line  were 
checked  and  replaced  where  necessary  to  reduce  the 
friction  in  moving  parts  and  thereby  minimize  the 
tension  applied  to  the  conductor  during  insulation. 
The  0,5  mm  conductor  (24  gauge)  breaks  at  a  tension 
of  2.5  kg  (5.5  lb). 


Polyethylene  Insulation 

Our  tandem  lines  were  equipped  with  65  mm 
(2^  inches)  extruders,  length  of  the  screw  : 

20  diameters,  air  cooled. 

A  diamond  tip  and  a  three  angles  die,  centred 
by  screws,  were  adopted. 

The  extruding  temperatures  were  : 


Solid  Pe 

Cellular  Pe 

Barrel 

270/ 290°C 

1 80/ 200 °C 

(518/554°F) 

(356/392°F) 

Head  and  Die 

300°C 

210/230°C 

(572°F) 

(410/446°F) 

Screw  cooling  water 

40°C 

40  °C 

(l04°F) 

(104°F) 

Wires  insulated  with  solid  polyethylene  were 
water-cooled  at  a  distance  of  2,5  m  from  the  die, 
while  in  the  case  of  cellular  polyethylene  insula¬ 
tion,  this  distance  was  reduced  to  about  1  m. 
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The  solid  polyethylene  insulated  wires  were 
checked  with  a  50  Hz  spark  tester  (5  500  V)  and  the 
cellular  polyethylene  insulated  wires  with  a  capa¬ 
citance  monitor.  For  both,  we  used  a  diameter 
measuring  device. 


Regular  and  homogeneous  expansion  was  ensured 
by  preheating  the  aluminium  wire,  using  an  induction 
preheater  equipped  with  aluminium  alloy  pulleys  to 
improve  electric  contacts  and  avoid  corrosion 
(Fig.  4) 


The  SIC  value  of  our  cellular  insulation  was 

1.9  (Fig.  3) 


Fig.  4 


Fig.  3 


¥  ^  ns ' 


Table  6 


Conductor  (mm) 


Wall  thickness  (mm) 
(mils) 


Line  speed  (m/ mn) 

(feet/mn) 


Running  tension  (kg) 
(lb) 


Number  of  wire  breakages  per  100  km 

(62  miles) 


0,5  copper 
(24  AVG-) 


0.14/0.16 
(5. 5/6.5) 


1 200/1 400 
4000/4600 


0.65  alu 
(22  AWG) 


0.17/0.20 
(6.7/7. 9) 


0.5  alu  0.5  alu 

(24  AV/G)  (24  AWG) 
Solid  Pe  cellular  Pe 
insulation  insulation 
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Line  speeds,  running  mechanical  tensions  and 
average  number  of  breakages  are  summarized  in 
the  Table  6. 

Taking  account  of  the  more  delicate  adjust¬ 
ments  (concentricity,  diameter,  capacitance)  and 
of  longer  stabilization  times,  the  production  rate 
of  cellular  insulated  conductors  is  estimated  to 
be  20  /c  below  that  production  rate  °**  solid  insu¬ 
lated  conductors. 


The  take-up  operation  with  automatic  change 
of  drams  is  an  important  cause  of  breakages.  It 
is  necessary  to  have  a  perfect  synchronisation  of 
the  empty  drum  start  speed  with  the  line  speed  and 
to  avoid  any  snatching  from  the  transfer  finger. 


Quadding 

All  our  solid  insulated  conductors  were 
quadded  on  machines  with  double  twist  at  a  speed 
of  1 200  to  1 500  lays  per  minute . 


Our  lay  range  was  between  55  and  85  mm 
(2.16"  and  3.34"). 


The  first  half  of  the  cellular  polyethylene 
insulated  conductors  were  quadded  as  above.  The 
other  half  was  quadded  on  a  lower  back  twist  ma¬ 
chine  at  a  speed  of  370  lays  per  minute. 

In  the  part  concerning  the  cable  perfor¬ 
mances,  it  will  be  seen  that  the  capacitance  un¬ 
balance  results  are  very  different. 


The  tension  on  the  insulated  conductors  was 
adjusted  to  0. 3/0.4  kg  (0.66/0.88  lb). 


Stranding 

The  4  units  of  14  quads  were  stranded  in  one 
operation  on  a  drum  twister  machine  with  fixed 
pay-off  stands  and  rotating  capstan. 

The  tension  on  the  quads  was  about  2  kg 
(4.4  lb) 

The  belt  of  the  unfilled  cables  consisted  of 
three  synthetic  tapes,  that  of  the  jelly  filled 
cables  of  two  crepe  papers. 


Filling  (only  with  cellular  insulation) 

Various  techniques  are  known  to  fill  cables. 
For  our  first  order  according  to  this  design,  we 
chose  the  same  means  and  a  similar  process  as  those 
currently  used  to  dry  and  to  impregnate  paper  power 
cables • 


After  the  stranding  operation,  the  cables 
were  placed  in  a  steam  heated  tank  under  vacuum, 
the  temperature  being  limited  to  60°C  (l40°F), 

12  hours  later  the  preheated  jelly  was  admitted. 


After  filling  the  tank,  a  pressure  of 
3.5  kg/ cm2  (50  lb/sq.in.)  was  applied  to  the  com¬ 
pound  during  3  hours.  After  6  hours  of  cooling 
under  pressure,  the  tank  was  brought  back  to  the 
atmospheric  pressure.  We  now  think  that  a  pres¬ 
sure  of  1.5  or  2  kg/ cm2  (21  or  28  lb/sq.in.)  would 
be  sufficient. 


The  total  cycle  was  about  23  hours.  Y/e  could 
treat  15  km  (9.3  miles)  of  112  pairs  0.5  mm  (24  AWG) 
cable  per  cycle. 

This  method  is  perhaps  more  expensive  than  a 
continuous  filling  process  on  the  stranding  machine, 
but  we  think  it  has  the  following  advantages  : 

-  working  in  vacuum  ensures  the  elimination  of 
humidity, 

-  jelly  penetration  is  complete,  even  at  the  center 
of  the  quads, 

-  pollution  of  machines,  workshop  and  workers  by 
jelly  is  very  limited, 

-  There  is  no  limitation  to  the  use  of  compounds 
with  a  higher  drop  point. 

Sheathing 

The  laying  of  a  longitudinally  applied  alumi¬ 
nium  polyethylene  coated  tape  and  simultaneous  ex¬ 
trusion  of  the  outer  polyethylene  sheath  (possibly 
together  with  a  steel  messenger)  is  carried  out  by 
a  conventional  process  under  the  same  conditions  as 
for  existing  copper  cables. 

With  a  150  mm/l8  D  (6M/l8D)  extruder,  the  line 
speed  is  15  to  20  m/mn  (50  to  65  feet/mn)  on  cables 
of  the  type  described  above. 


When  the  cables  are  jelly  filled,  a  dry  crepe 
paper  is  also  longitudinally  applied  on  the  sheathir^ 
line  just  before  the  coated  aluminium  tape. 
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This  paper  tape  traps  the  excess  of  jelly 
before  passing  through  the  extruder  head.  In  this 
way,  leaks  of  jelly  between  the  moisture  barrier 
and  the  sheath  are  avoided  and  the  adhesion  of  the 


aluminium  tape  is  not  affected.  Then,  the  heat  sup¬ 
plied  by  the  sheath  provides  a  good  impregnation  of 
the  paper  and  a  good  penetration  of  the  jelly  up  to 
aluminium  barrier. 


Table  7 


Capacitance  Unbalance  in  Terms  of  Springback 


Conductor 

(Solid  PE  insulation) 

Annealed 
copper 
0,5  mm 
(24  AWG) 

Alu  (3/4  hard) 

0.63  mm 
(22  AUG) 

Alu  (3/4  hard) 
0*5  mm 
(24  AWG) 

Required  Values 
(PTT  type  88/ 98^ 

C ap ac i t anc e ( me an  values 

26 

60 

59 

74 

77 

81 

51 

70 

Unbalances) maxi  95  7° 

90 

165 

160 

190 

210 

210 

140 

200 

220 

350 

330 

360 

430 

430 

280 

0 

0 

NEMA 

74 

80 

81 

84 

87 

- 

- 

- 

IEC 

- 

- 

- 

- 

- 

65 

53 

- 

Tensile  strength-kg/mm2 

25 

12.7 

16.6 

17.1 

14.2 

15.4 

15 

- 

-KSI 

36 

18 

23.6 

24.3 

20.2 

21 .9 

21.3 

Elongation  -  c/o 

20/23 

0. 9/2.1 

0.5/1 .5 

0.5/1 .0 

1 

C\J 

CM 

"o 

1 .0/2.C 

1. 0/2.0 

! 

- 

(l)  Since  1970,  springback  test  is  in  accordance  with  IEC 

NEHA  MW  2.1959  -  Mandrel  dia.  47.6  mm  (l .87")  -  load  113  g  (0.25  lb)  -  3  turns 
IEC  55  -  Mandrel  dia.  37.5  mm  (1.47")  -  load  1200g  (2.64  lb)  -  5  turns 


Cable  Performances 


Initial  trials  on  0,63  ram  Conductor  Cables 

For  telephone  cables,  among  essential  charac¬ 
teristics,  pair  to  pair  capacitance  unbalance  is 
particularly  important. 

This  characteristic  is  influenced  by  the  regu¬ 
larity  of  insulation  processing  :  good  concentricity 
and  uniformity  of  wire  and  insulation  diameters. 


On  the  other  hand,  it  is  also  known  that  the 
quadding  technique  is  important  :  back  twist  quad- 
ding  (slow  speed)  produces  an  improvement  of  capa¬ 
citance  unbalance,  but  increases  the  cost. 


Although  conditions  are  the  same  as  for  copper 
conductor  cables  as  regards  uniformity  of  sizes  and 
quadding  method,  the  capacitance  unbalance  obtained 
on  aluminium  conductor  cables  is  about  doubled. 


Together  with  previous  comments,  these  remarks 
point  up  the  important  influence  of  wire  stiffness. 

The  usual  elongation  measurements  do  not  necessarily 
differentiate  the  various  grades  of  final  wire  ;  how¬ 
ever,  such  wires  may  have  different  springback  values 
and  one  then  finds  a  correlation  with  capacitance 
unbalance  measurements.  (See  Table  7)* 


Values  of  capacitance  unbalance  were  practi¬ 
cally  the  same  on  cables,  made  either  from  wires 
drawn  on  the  tandem  line  or  wires  drawn  separately. 
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Excellent  values  of  resistance  unbalance 
(+  0.25  ,t),  as  for  copper  conductor  cables  result 
from  tandem  drawing/insulation  operation. 


0,5  mm  Conductor  Cables 

The  results  of  springback  and  capacitance 
unbalance  obtained  with  the  5/4  hard  drawn  0,5  mm 
(24  AV/G)  aluminium  wire  of  the  last  order  confirm 
the  correlation  mentioned  above. 


The  0,5  min  (24  AWG)  wire  springback  is  lower 
than  the  0.65  mm  (22  AWG)  wire  springback.  The 
capacity  unbalance  is  also  lower  (See  Table  8). 


These  results  show  that  pure  aluminium 
(EC  grade)  in  24  gauge  size  (0.5  mm)  is  sui table 
and  that  it  is  possible  to  produce  cables  to  diffe¬ 
rent  PIT  specifications  (either  88  or  89  types). 

Results  obtained  depend  on  the  quadding 
method. 

In  future,  the  use  of  an  alloy  may  be  consi¬ 
dered.  This  might  show  advantages  in  processing 
(less  breaks,  higher  extrusion  speeds)  and  in  sub¬ 
sequent  use  of  the  cable,  provided  that  an  in¬ 
creased  springback  did  not  lead  to  further  capaci¬ 
tance  unbalance.  In  any  event,  the  final  issue 
would  be  decided  by  cost. 


Particular  Characteristics  of  Jelly-Filled  Cables 

Compatibility  of  insulation  with  filling  : 
An  important  requirement  for  this  type  of  cable 
necessitates  that  no  long  term  deterioration  of 
insulation  should  be  produced  by  the  filling  com¬ 
pound.  Thus  various  tests  were  carried  out  : 

-  Mechanical  properties  of  cellular  insulation 
(British  Post  Office  specification  M  142). 

-  Preliminary  examination 


Measured 

Required 

Elongation  /<? 

mean  value 

420 

- 

mini 

510 

250 

Breaking  load 

mean  value 

g* 

540 

- 

lb. 

0.75 

- 

kg/  cm2 

90 

Ib/sq.in. 

L_ - 

1280 

Measured 

Required 

Breaking  load 

mini 

g. 

250 

200 

lb. 

0,50 

0.44 

kg/ cm2 

65 

- 

lb/sa.in. 

896 

-  After  ageing  test  : 

A  sample  of  the  completed  cable  was  heated  for 
14  days  at  60°C  (l40°F)  :  elongation  values  were 
practically  unaffected,  whilst  breaking  loads  fell 
by  only  10  >0. 

-  Winding  test  (German  Post  Office  specification 
FTZ  72  TV1 )  : 

Lengths  of  insulated  conductor,  carefully 
removed  from  a  sample  of  completed  cable  aged  in  an 
oven  for  7  days  at  70°C  (l5S°F)  were  wound  on  a  man¬ 
drel  of  the  same  diameter. 


There  was  no  evidence  of  splitting  after  24 
hours  at  70°C  (158°F). 


-  ’Water tightness  : 

Our  cables  were  tested  to  PTT  specification 
(the  same  as  German  Post  Office  specification 
FTZ  72  TV1 )  : 

A  water  pressure  of  1  metre  is  applied  to  one 
end  of  a  sample  of  1  metre  long  for  7  days  ;  after 
this  time,  no  water  must  have  appeared  at  the  other 
end. 


Effect  of  filling  on  the  insulation  resistance: 
Filling  jelly  increases  the  charge  time-constant 
(phenomenon  of  dielectric  absorption  in  the  case  of 
composite  insulations)  and  influences  the  insulation 
results . 

The  following  values  were  obtained  : 


Required 
;cw  21  8B) 

Measured 

Electrification 
time  (mn) 

1 

2 

4 

10 

Insulation  resis¬ 
tance  (Mft/Km) 

Mean  value 
Mini  value 

1  600 

8  400 

6  500 

15  500 
10  000 

57  500 
51  500 

M  5/Kile 

Mean  value 
Mini  value 

1  000 

5  200 
4  000 

8  400 

6  200 

25  500 
19  500 
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Table  8  -  Capacitance  unbalance  (pF/300m)  (pF/984  feetj 


Metal 

Cu 

A1 

A1 

A 1 

A  1 

Diameter  (mm) 
(gauge) 

0.5 

0.63 

0.5 

0.5 

0.5 

24 

22 

24 

24 

24 

Insulation  PE 

Solid 

Solid 

Solid 

Cell. 

Cell. 

Quadding 

-  Double  torsion 

high  speed 

-  Back  twist 

low  speed 

A 

A 

A 

X 
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Jointing  Processes  A  and  C  connectors  are  delivered  filled  with 

and  Laying  Operations  grease  (or  jelly). 


Connections  between  two  Conductors 

Corrosion  risks  and  mechanical  characteristics 
of  the  3/4  hard  aluminium  conductors  (small  elonga¬ 
tion  and  limited  bending  possibilities)  have  necessi¬ 
tated  special  study  of  jointing  techniques. 


A  special  tool,  different  for  each  connector, 
is  used  to  achieve  mechanical  tightening  and  elec¬ 
trical  connection. 


Tests  were  carried  out  on  copper-copper, 
copper-aluminium  and  aluminium-aluminium  connections. 


The  technique  used  in  France  for  copper  con¬ 
ductors  :  twisting  of  the  two  bare  wires  (pig  tails) 
was  not  possible  with  aluminium  conductors. 

Wishing  to  avoid  any  risks  of  damaging  con¬ 
ductors  and  insulations,  we  looked  for  connectors 
involving  no  removal  of  the  insulation. 


5  to  30  junctions  of  each  type  were  subjected 
to  the  following  trials  : 

—  behaviour  under  wet  and  hot  conditions  : 

-  30  cycles  of  8  hours  at  +  50°C  (122°F)  and 
16  hours  at  +  30°C  (86°F) 

to  check  the  contact  resistance 


A  programme  of  tests  was  undertaken  jointly 
by  the  laboratories  of  CNET  and  Trefimetaux  GP, 
which  involved  trials  on  various  crimped  connectors. 
Fig,  5  shows  three  types  among  these. 


■  ;  i  i  1  f  •  ? 

10  11  12  13  14  Jf  15  16 


-  thermal  shock  : 

-  10  cycles  of  4  hours  at  -  30°C  (-  22°F)  and 

4  hours  at  +  70°C  (158°F) 
to  check  the  contact  resistance 

-  dry  and  hot  conditions  : 

-  4  cycles  of  I  hour  at  100°C  (212°F)  and 

23  hours  at  20 °C  (68°F) 
to  check  the  contact  resistance 

insulation  resistance  : 

-  connectors  without  jelly  (for  instance  :  Type  B)  : 

-  voltage  :  500  Volts  DC 

-  application  time  :  1  minute 

to  check  the  insulation  resistance  between  the 
wires  of  two  connectors  bound  together. 

-  connectors  with  jelly  filling  :  (for  instance  : 
Types  A  and  C)  : 

-  joints  Immersed  for  30  days  in  water 
(room  temperature) 

-  voltage  :  500  Volts  DC 

-  application  time  :  1  minute 

to  check  the  insulation  resistance,  each  week, 
between  conductors  and  water. 


-  breaking  strength  : 

The  breaking  strength  of  the  jointed  conduc¬ 
tors  was  measured  by  pulling  on  the  two  conductors, 
up  to  breaking  point. 

-  constant  tensile  strength  : 

A  load  of  0.6  breaking  strength  was  applied 
between  the  two  jointed  conductors  during  one  hour, 
the  contact  resistance  was  then  measured. 
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-  vibration  tests  (only  in  the  CHET  laboratories) 

The  vibrations  were  obtained  by  frequency 
cycles  (from  a  few  hertz  to  40  hertz)  with  a  total 
amplitude  of  1  ,5  mm  (0.059")  and  were  applied  for 
40  mn  to  each  of  5  orthogonal  axes. 

The  electric  resistance  was  again  measured. 

The  results  of  these  trials  showed  that  the 
behaviour  of  the  various  types  of  connectors  was 
the  same  with  copper-copper  connections.  On  the 
contrary,  with  copper-aluminium  and  aluminium-alumi¬ 
nium  junctions,  design  and  mechanical  tightening 
had  an  important  influence  on  the  reliability  of  the 
connections.  The  best  results  were  obtained  with 
Type  A.  This  type  was  chosen  for  the  jointing  ope¬ 
rations  on  the  first  links  (See  Fig.  6). 

Fig.  6 


When  all  connections  were  completed,  the  group 
of  units  was  covered  with  PVC  tape.  The  external 
sheath  was  reconstituted  using  a  thermoshrinkable 
tube  internally  coated  with  bitumen.  In  this  way, 
the  whole  cable  is  perfectly  watertight. 

A  crepe  paper  lapped  on  the  PVC  tape  forms  a 
thermal  protection  and  prevents  the  flow  of  bitumen 
onto  the  connections. 


Connections  between  a  Conductor  and  a  Clamp 
of  a  Cabinet  or  a  Pillar 

The  aluminium  conductor  carefully  stripped 
with  a  special  tool,  was  wrapped  (2  turns)  around 
the  pin  of  the  clamp  using  the  same  method  as  for 
copper.  It  was  then  soldered  by  a  soldering  iron 
using  a  solder  incorporating  a  special  flux. 

(See  Fig.  7). 


Fig.  7 


Tests  were  made  at  a  sea-side  installation  to 
establish  a  possible  need  for  protection  by  a  var¬ 
nish  or  silicone  grease. 

After  two  years,  no  corrosion  appears  on  pro¬ 
tected  or  unprotected  connections. 


Laving  Operation  : 

The  French  National  Center  of  Telecommunications 
Studies  decided  to  lay  the  overhead  cables  (56  and 
112  pairs  of  0.63  mm  aluminium  conductors)  in  areas 
where  the  climatic  conditions  are  particularly 
severe  (wind,  salt  spray,  etc....) 

The  first  line  was  installed  in  January  1970 
at  the  sea-side,  near  Nice  ;  after  that,  other  lines 
were  laid  in  Provence  and  in  Brittany  also  at  the 
sea-side,  and  still  another  near  Chambery,  in  a 
mountainous  region.  (See  Fig.  8,  9  and  10). 

Several  buried  lengths  were  also  installed  in 
Brest  (Brittany),  the  cables  being  pulled  in  PVC 
ducts  of  80  mm  (3.15")  diameter. 

With  both  types  of  cable,  the  laying  opera¬ 
tions  were  easier  than  with  copper  cables  due  to 
the  reduced  weight. 

The  workers  were  quickly  accustomed  with  the 
new  jointing  processes. 

The  cables  with  0.5  mm  (24  AWC)  conductors 
remain  to  be  laid. 
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The  cables,  made  of  star  quads  and  eventually 
filled  with  a  compound  to  exclude  humidity,  may  be 
made  with  almost  the  same  electrical  characteristics 
as  equivalent  copper  cables.  Reliability  is  ob¬ 
tained  through  careful  control  of  metal  quality 
(possibly  improved  in  the  future  by  special  pro¬ 
cessing  of  the  raw  material),  effective  protection 
against  corrosion  and  well-adapted  jointing  pro¬ 
cesses. 
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Summary 

During  the  past  several  years  there  have  been  oc¬ 
casional,  but  recurring,  reports  of  polyethylene 
telephone  cable  insulation  embrittling  and  crack¬ 
ing  in  field  service.  This  paper  presents  some 
correlations  between  our  field  experience  and  the 
laboratory  test  methods  we  designed  to  study  this 
phenomenon.  Environmental  conditions  that  we 
postulated  to  occur  in  the  field  were  applied,  to 
determine  their  effects  on  insulation  that  has 
degraded.  Effects  of  colorants  and  connectors 
used,  and  effects  of  the  copper  conductors  are 
considered,  also.  Some  comparisons  are  made  be¬ 
tween  plastic  types. 

Introduction 

Cable  Features 

The  first  polyethylene-insulated  multipair  tele¬ 
phone  cables  came  into  use  in  1950.  These  cables 
were  less  subject  to  moisture-induced  performance 
deterioration  than  were  comparable  paper-insulated 
cables,  and,  therefore,  offered  outstanding  fea¬ 
tures  where  splices  and  drops  necessitated  many 
openings  in  the  protective  outer  sheaths.  Dis¬ 
tribution  terminals  for  polyethylene-insulated 
cables  did  not  require  hermetic  sealing,  thus  in¬ 
stallation  and  operating  costs  offset  the  higher 
initial  cost  of  the  polyethylene  insulation. 

Polyethylenes  Used 

The  first  polyethylenes  used  for  multipair  tele¬ 
phone  cable  insulations  were  0.92-density  (low 
density)  polymers  with  a  melt  index  range  of 
1.0/1. 6  gms/10  min.  Use  of  these  polymers  was 
gradually  phased  out  during  the  mi d-1950 1 s  by 
0.92-density  polymers  in  the  0.2/0. 4  melt  index 
range.  In  early  1959,  this  usage  of  the  1.0  melt 
index  polymers  was  discontinued.  At  the  same 
time,  the  antioxidant  content  of  the  0.3  melt  in¬ 
dex  polymers  was  increased  from  0.05%  to  0.10% 
Santonox®.  In  mi d-1962  Superior  Cable  Corpora¬ 
tion  (now  Superior  Continental  Corporation)  dis¬ 
continued  the  use  of  0.92-density  polyethylenes 
and  began  using  0.95-density  (high  density)  poly¬ 
ethylenes  in  the  0.2/0. 5  melt  index  range,  stab¬ 
ilized  with  0.10%  Santonox  antioxidant. 

Colorants  Used 

Prior  to  1957,  pair  identification  consisted  of 
natural  polyethylene  paired  with  transparent  red, 
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blue  and  green;  red  was  paired  with  orange  or  blue 
for  tracer  pairs.  In  1957,  the  Western  Electric 
Company  introduced  a  set  of  10  polyethylene  color 
concentrate  formulations  which  provided  improved 
pair  identification  together  with  minimized  dif¬ 
ferences  in  dielectric  constants  of  insulations: 
all  of  these  colorants,  except  black,  contained 
titanium  dioxide.  The  independent  cable  manufac¬ 
turers-  began  converting  to  this  color  scheme  in 
1957,  and  have  essentially  used  the  same  colorants 
si  nee . 

Splicing  Enclosures 

Performance  degradation  observed  to  date  has  been 
limited  to  insulation,  exposed  to  air  within 
splicing  enclosures,  where  the  protective  outer 
cable  jacket  has  been  removed  for  connecting. 
Lengths  of  uncovered  insulation  have  extended, 
within  enclosures,  from  the  edges  of  tape  wraps 
to  wire  connections,  and  insulation  in  these 
lengths  has  been  subject  to  degradation. 

The  enclosures  have  been  (1)  aerial  for  cables 
supported  above  ground,  and  (2)  pedestals  that 
are  "planted"  in  the  earth  at  the  lower  end  to 
receive  ends  of  buried  cables  from  underground .  _ 
Aerial  splicing  closures  are  normally  black,  while 
pedestals  are  usually  green  (to  blend  with  foliage) 
or  galvanized  iron.  Air  temperatures  that  have 
been  developed  within  these  enclosures  throughout 
their  broad  range  of  geographical  locations  and 
varying  year-to-year  conditions  have  not  been  es¬ 
timated  by  us;  however,  it  must  be  assumed  that 
enclosures  located  in  southern  areas  develop 
higher  average  internal  temperatures .  It  must 
also  be  assumed  that  air  within  pedestals,  planted 
in  the  earth  at  the  lower  end  and  well  sealed  at 
the  upper  end,  will  accept  moisture  from  the  earth 
and  develop  high  relative  humidities  with  frequent 
condensation  and  wetting  of  insulation  exposed 
within  the  enclosure.  The  opportunity  for  conden¬ 
sation  is  probably  much  less  for  aerial  splice 
closures . 

Degradation  Reported 

To  date,  six  cases  of  embrittled  and  cracked  poly¬ 
ethylene  insulation  have  been  reported  to  our 
laboratories.  A  typical  failure  is  shown  in 
Figure  1.  Except  for  one  report  from  southeast 
Iowa,  all  degradation  has  occurred  in  southern 
states,  in  cables  manufactured  during  and  after 
1958.  Table  1  summarizes  the  occurrences  of  em¬ 
brittling  reported  to  us;  it  includes  local  clima¬ 
tological  data  for  average  yearly  temperatures  for 
the  respective  nearest  recording  points,  covering 
the  in-service  periods  of  the  cables.  In  general, 
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time  to  initiate  degradation  is  inversely  related 
to  average  temperature. 

Specimens  Analyzed 

Specimens  referred  to  us  for  analysis  showed  some 
or  all  of  the  following  (some  samples  were  too 
small  for  all  these  evaluations): 

1.  Degradation  occurred  only  within  splicing 
enclosures . 

2.  It  occurred  only  outside  the  polyethylene 
sheath. 

3.  Most  severe  cracking  occurred  over  bends 
and  twists. 

4.  Insulations  containing  highest  concentra¬ 
tions  of  titanium  dioxide  white  colorant 
were  most  severely  affected. 

5.  Oxidation  of  degraded  insulation  was  severe, 
as  measured  by  infrared  absorbance  at 

5.81  microns  (carbonyl). 

6.  Density  of  cracked  insulation  was  high, 
compared  to  density  of  insulation  contained 
within  the  polyethylene  sheath. 

7.  Levels  of  antioxidant  (as  Santonox)  were 
low  in  cracked  insulation,  compared  to 
levels  in  insulation  contained  within  the 
polyethylene  sheath. 

Most  of  these  symptoms  (and  the  geographical  loca¬ 
tions  of  the  field  reports)  suggested  the  mechan¬ 
ism  of  failure  to  be  thermally  induced  oxidation 
of  the  low-density  polyethylenes  used  at. that 
time.  The  degrading  effects  of  thermal  exposures 
and  several  other  possible  contributors  were, 
therefore,  studied  in  our  laboratories . 

Titanium  Dioxide 

Because  insulations  containing  Ji02  had  invariably 
been  most  severely  cracked,  our  first  tests  were 
constructed  to  gauge  the  effects  of  TiO^  on  the 
heat-aging  characteri sties  of  polyethylenes  used 
in  the  1958-1961  period.  Insulation  specimens 
were  prepared  using  natural  PE,  and  PE  containing 
one  to  five  times  the  amount  of  standard  white 
color  concentrate  normally  used.  The  six  materi¬ 
als  were  extruded  over  19-AWG  bare  soft  copper 
conductor  with  a  0.013-inch  coating  of  insulation. 
Familiar  "pigtail"  test  specimens  were  made  by 
wrapping  the  insulated  conductor  around  itself  10 
times  in  a  tight  helix. 

The  groups  of  six  test  specimens  were  then  placed 
hanging  within  loosely  closed  glass  jars,  which 
were  placed  into  forced  convection  ovens  for  heat 
aging.  Tests  were  made  at  10°C  increments  from 
1 30 °C  to  70°C.  "Time-to-fail"  was  defined  by  the 
first  appearance  of  surface  cracks,  for  specimens 
exposed  to  this  uncirculated  air  at  90°,  80°,  and 
70°C.  "Time-to-fail"  was  defined  as  the  first 
appearance  of  green  discoloration  and  the  odor  of 
carbonyl  in  specimens  exposed  at  130°,  120°,  110°, 
and  100°C.  Uncirculated  air  testing  was  applied 
because  it  was  thought  the  air  within  splicing 
closures  was  essentially  uncirculating. 


The  results  of  these  tests  are  presented  in 
Table  2  and  shown  plotted  in  Figure  2  for  white 
insulation.  The  significance  of  these  data  lies 
in  the  extrapolation  to  greater  time  periods  — 
which  indicates  that  low  density  polyethylene  of 
1.9  melt  index y  colored  white  by  the  addition  of 
rutile  Ti02y  will  begin  to  crack  in  10  to  12 
years  at  30°C ,  It  must  be  emphasized  that  these 
test  specimens  contained  0.04%  Santonox  as  avail¬ 
able  antioxidant  at  the  onset  of  testing,  and 
that  specimens  containing  lower  concentrations 
than  this  would  crack  in  shorter  periods  of  time. 

The  data  of  Table  2  show  the  natural  insulation 
to  be  more  resistant  to  thermal  degradation  than 
the  white  insulation.  The  data  also  show  that 
concentrations  of  Ti02  above  that  normally  used 
do  not  additionally  deteriorate  this  insulation. 

Still  versus  Moving  Air 

Because  minor  air  currents  must  occur  within 
splicing  enclosures,  a  set  of  similar  tests  on 
white  specimens  were  conducted  within  forced  con¬ 
vection  ovens  by  hanging  the  specimens  directly 
in  streams  of  rapidly  moving  air.  The  results 
of  these  tests  are  shown  in  Figure  3  compared  to 
the  uncirculated  air  data.  They  indicate  that 
air  currents  would  not  significantly  reduce  the 
service  life  of  this  insulation  in  the  service 
temperature  range.  They  further  indicate  that 
the  polymer  degradation  in  service  is  not  caused 
by  loss  of  Santonox  antioxidant  by  evaporation 
from  the  surface  of  the  insulation  into  the  air 
within  the  splicing  closure. 

High  Humidity 

Splicing  closures  for  buried  cables  are  open  to 
the  earth  at  the  bottom,  and  where  the  above¬ 
ground  sealing  is  effective,  air  within  these 
closures  should  often  attain  a  100%  relative 
humidity.  The  effect  of  such  high-humi di ty  con¬ 
ditions  was  studied  by  hanging  sets  of  white 
specimens  in  tightly  closed  jars  over  water.  The 
results  of  these  tests  show  that  the  presence  of 
moisture  (probably  because  it  limits  the  oxygen 
concentration)  enhances  the  service  life  of  poly¬ 
ethylene  insulation.  No  degradation  was  observed 
for  test  periods  well  beyond  those  required  to 
produce  cracking  in  still  and  moving  air,  at  the 
same  test  temperature.  Although  these  laboratory 
tests  indicate  that  high  concentrations  of  mois¬ 
ture  in  the  air  are  beneficial,  some  field  ex¬ 
perience  does  not.  One  inspection  of  pedestals 
revealed  extensive  cracking  within  one  pedestal 
that  was  standing  in  water. 

Service  Life  Predictions  from  Climatological  Data 

Laboratory  oxidative  aging  data  is  usually  taken 
under  well  defined  and  closely  controlled  temper¬ 
ature  conditions.  Data  such  as  that  shown  plotted 
in  Figure  2  is  usually  developed,  one  temperature 
at  a  time,  until  a  curve  can  be  drawn.  The  curve 
is  then  extrapolated  to  a  mean  temperature  that  is 
representative  of  the  geographical  area  being  con¬ 
sidered.  Thus,  from  the  outset  oxidative 
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stabilization  is  based  on  average  temperatures . 

However,  field  conditions  represent  a  myriad  of 
temperature  profiles  that  depend  on  geographical 
location,  local  shading  from  sunshine,  daily  tem¬ 
perature  swings,  annual  temperature  swings  and 
many  other  variables.  Accurate  local  climatologi¬ 
cal  data  is  available  for  locations  well  distribu¬ 
ted  over  the  United  States  and  many  other  coun¬ 
tries,  but  service  life  based  on  these  mean  tem¬ 
peratures  is  likely  to  be  optimistic  for  two  rea¬ 
sons:  (1)  temperatures  in  pedestals  and  closures 
are  substantially  higher  than  ambient  due  to 
direct  solar  exposure^,  and  (2)  the  rate  of  degra¬ 
dation  as  a  function  of  temperature  is  not  linear. 

From  Figure  2,  it  can  be  seen  that  the  experimen¬ 
tal  data  predicts  that  service  life  will  be  halved 
with  an  8°C  temperature  increase.  Aging  rate  as  a 
function  of  temperature  change  from  a  mean  value 
is,  therefore,  represented  by  the  relationship  in 
Table  3. 

Now  consider,  as  an  example,  the  air  temperature 
inside  a  pedestal  throughout  an  ambient  daily 
temperature  profile  as  shown  in  Figure  4. 

Then  combining  aging  rate  factors  from  Table  3 
and  temperatures  within  a  pedestal  as  related  to 
the  outside  air  mean  temperature  during  one  day 
from  Figure  4,  we  derive  the  data  of  Table  4. 

Thus,  the  degradative  aging  of  insulation  within 
the  pedestal  would  be  57.6  hours  relative  to  24 
hours  at  the  daily  mean  temperature  of  tn.  Or 
an  effective  daily  aging  rate  of  57.6  *  24  =  2.4 
times  that  occurring  at  a  constant  level  of  t0. 

A1 ternati vely,  it  may  be  said  that  a  correction 
of  about  +1 0°C  should  be  added  to  the  mean  daily 
temperature  to  compensate  for  this  effect. 

Insulation  installed  in  areas  having  small  daily 
and  seasonal  variations  in  temperature  would  not 
be  exposed  to  an  acceleration  factor  as  large  as 
that  calculated  here.  However,  the  factor,  of  2.4 
calculated  here  appears  typical  for  warm  (and, 
therefore,  most  critical)  climates.  Application 
of  this  aging  correction  factor  to  the  service 
life  range  presented  in  the  previous  section  con¬ 
verts  this  30-  to  70-year  range  to  a  12-  to  30-year 
life,  that  is  more  consistent  with  field  experience. 

The  day/night  aging  acceleration  factor  calculated 
above  is  intended  to  be  used  with  the  local  average 
temperature  to  compute  a  number  of  aging  hours 
relative  to  the  24  hours  within  one  day.  Similarly, 
a  summer/winter  aging  factor  exists  that  would  be 
computed  from  mass  seasonal  temperature  swings  and 
the  local  yearly  average,  that  would  further  reduce 
the  anticipated  service  life:  a  summer/winter  aging 
factor  of  1.2  was  calculated  from  climatological 
data  in  the  south  central  Texas  installation.  How¬ 
ever,  an  aging  factor  for  the  cloudy  days  in  a  lo¬ 
cation  would  be  less  than  1.0  and  would  have  the 
compensating  effect  of  extending  the  service  life. 

Quantity  of  Antioxidant 

If  the  data  of  Figure  2  are  extrapolated  to  the 


50.5°  to  68.4°F  (10°  to  20*0)  yearly  average  tem¬ 
peratures  presented  in  Table  1  for  the  case  his¬ 
tories,  field  failures  would  be  estimated  to  occur 
in  the  30-  to  70-year  range;  and  applying  the^ 
aging  factor  derived  above,  the  expected  service 
life  is  reduced  to  12-30  years.  However,  a  fac¬ 
tor  of  2  to  3  still  exists  between  the  calculated 
and  the  experienced  service  life. 

A  partial  answer  to  this  discrepancy  may  be  the 
possibility  of  low  antioxidant  levels  in  the  in¬ 
sulation  at  the  time  of  installation.  The  insula¬ 
tion  reported  in  the  curve  of  Figure  2  contained 
0.04%  Santonox.  At  manufacture  it  might  have  con¬ 
tained  0.07%  —  having  lost  0.03%  during  extrusion 
(see  Table  5).  If  this  polyethylene  had  contained 
less  than  the  0.04%  Santonox,  it  would  have  failed 
in  shorter  time  periods  throughout  the  testing 
represented  by  Figure  2. 

Measurements  of  antioxidant  concentrations*  in  in¬ 
sulation  that  has  remained  below  ground  and  within 
the  polyethylene  sheath  suggest  that  cables  con¬ 
taining  relatively  low  concentrations  of  antioxi¬ 
dant  could  have  been  installed.  For  example,  in¬ 
sulation  from  within  the  sheath  in  the  buried 
19-AWG  cable  from  Texas  contained  only  0.01%  San¬ 
tonox.  Insulation  from  22-AWG  cable  that  had  been 
inside  the  pedestal,  within  the  sheath,  in  the 
central  North  Carolina  project  contained  0.03% 
Santonox.  Insulation  from  within  buried  sheath  of 
24-AWG  cable  in  eastern  North  Carolina  contained 
0.05%  Santonox. 

Effect  of  Insulation  Thickness 

Of  the  above,  the  degradation  of  the  insulations 
from  Texas  and  central  North  Carolina  may  be  at¬ 
tributed  to  low  Santonox  concentrations.  However, 
the  premature  degradation  of  the  insulation  from 
eastern  North  Carolina  is  surprising,  because  it 
contained  about  0.05%  Santonox  in  buried  sections. 
A  possible  answer  here  lies  in  the  differences  in 
insulation  thickness  for  the  three  cables.  Work 
done  in  our  laboratory  shows  that  thin-wall  insu¬ 
lations  degrade  and  crack  faster  than  thicker 
coatings  of  the  same  polyethylene.  Degradation, 
as  indicated  by  the  appearance  of  green  discolora¬ 
tion,  begins  at  the  copper/insulation  interface 
and  progresses  radially  outward  toward  the  outer 
surface.  Therefore,  it  can  be  accepted  that 
24-AWG  insulation  containing  0.05%  Santonox  can 
degrade  in  approximately  the  same  time  period  as 
22-AWG  insulation  containing  0.03%  and  19-AWG  in¬ 
sulation  containing  0.01%  Santonox. 

Effect  of  Copper  Substrate 

A  series  of  accelerated  aging  tests  was  made  in 
air  to  gauge  the  effect  of  copper  substrate  on  the 


*All  measurements  of  antioxidant  concentration 
reported  here  were  determined  by  the  ultraviolet 
method  which  determines  the  quantity  of  unspent 
Santonox .  We  have  assumed  that  little  antioxi¬ 
dant  has  been  consumed  within  insulation  that  has 
remained  buried  within  the  ground  during  its 
service  life . 
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service  life  of  a  low-density  polyethylene  insula¬ 
tion  stabilized  with  0.1%  Santonox  and  containing 
1.0%  rutile  titanium  dioxide.  The  same  insulation 
thickness  was  used  throughout.  The  hollow  insula¬ 
tion  was  obtained  by  removing  the  22-AWG  copper 
conductor  from  within  the  insulation  before  heat 
aging. 

The  data  in  Table  5  show  that  copper  accelerates 
the  reduction  of  Santonox  antioxidant  in  this  low- 
density  polyethylene  insulation.  This  insulation 
on  copper  conductor  lost  over  10  times  the  quan¬ 
tity  of  antioxidant  during  heat  aging  than  did.the 
same  insulation  heat  aged  in  contact  with  aluminum 
conductor.  The  same  insulation  on  tinned  copper 
lost  slightly  more  than  it  did  on  aluminum.  The 
hollow  insulation  probably  lost  as  much  antioxi¬ 
dant  as  it  did  due  to  contact  with  unremoved  cop¬ 
per  dust  during  heat  aging.  Oxygen  uptake  tests2 
shown  in  the  last  column,  show  also  the  extreme 
degradative  effect  of  the  copper  conductor,  com¬ 
pared  to  aluminum. 

The  Effect  of  Water* 

In  a  previous  section  it  was  concluded  that  mois¬ 
ture  as  a  gaseous  component  in  air,  normally  found 
within  splicing  pedestals,  did  not  reduce  the  ser¬ 
vice  life  of  low-density  polyethylene  --  in  fact, 
it  extended  the  life.  However,  during  falling 
temperatures  of  evening  and  night,  condensation  of 
gaseous  moisture  occurs  within  many  splicing  clo¬ 
sures;  this  condensed  water  runs  down  exposed  in¬ 
sulation  and  may  itself  remove  antioxidant. 

That  water  washing  does  indeed  remove  Santonox  is 
shown  by  Table  6.  The  insulations  were  two  of 
those  described  in  the  previous  section.  Immer¬ 
sions  were  made  with  insulation  on  conductors. 

Because  no  oxygen  was  available  for  oxidation  in 
these  tests,  the  reductions  in  Santonox  concentra¬ 
tions  appear  to  have  been  caused  by  extraction  by 
water.  The  losses  for  both  samples  were  approxi¬ 
mately  the  same,  which  indicates  a  different 
mechanism  from  that  associated  with  oxidation  in 
the  previous  section. 

It  is,  therefore,  likely  that  intermittent  washing 
by  water  droplets  within  splicing  enclosures  has 
additionally  reduced  the  service  life  of  low- 
density  polyethylene  insulations. 


The  Effect  of  Silicone  Grease 

Cracked  insulation  observed  in  splicing  closures 
has  been  in  the  vicinity  of  (1)  crimp- type  connec¬ 
tors,  or  (2)  plastic  tubes  used  to  cover  twisted 
and  soldered  joints:  all  of  these  units  have  been 
filled  with  silicone  grease.  It  is,  therefore, 
logical  to  suspect  that  silicone  grease  is  a 
cracking  agent  for  low-density  polyethylene ,  or 
that  it  is  capable  of  extracting  Santonox  and 
leaving  the  insulation  without  protection  against 
oxidation . 

We  evaluated  the  effect  of  silicone  grease  by 


testing  wrapped  specimens  of  the  same  materials 
reported  in  Table  2.  After  wrapping,  the  speci¬ 
mens  were  smeared  with  thin  layers  of  silicone 
grease  over  the  coils  and  then  heat  aged  at  70 °C 
in  still  dry  air  and  still  moist  air.  No  cracking 
occurred  in  either  condition  up  to  230  days  on 
test  (when  the  tests  were  discontinued);  whereas, 
cracking  did  occur  in  about  200  days  for  all  un¬ 
coated  white  specimens  tested  in  still  dry  air  at 
the  same  temperature. 

We,  therefore,  concluded  that  thin  coatings  of 
silicone  grease  did  not  reduce  the  service  life 
of  this  insulation  --  in  fact,  the  coatings  ap¬ 
peared  to  extend  the  service  life. 

Molecular  Weight 

Between  1957  and  1960,  most  telephone  cable  manu¬ 
facturers  upgraded  their  polyethylene  insulation 
from  0.92  density,  1.3  melt  index  to  0.92  density, 
0.3  melt  index  types.  This  increase  in  molecular 
weight  did  provide  improvements  in  mechanical  pro¬ 
perties,  but  did  little  to  increase  the  service 
life  of  insulation  exposed  to  warm  air  and  con¬ 
densed  moisture  within  splice  closures. 

Laboratory  testing  of  white  0.3  and  1.3  melt  index 
insulations  on  copper  conductors  shows  little  dif¬ 
ference  in  “time-to-crack"  for  twisted  specimens 
heat  aged  at  96°C.  Insulations  that  developed 
cracking  in  the  field  were  found  to  have  been  made 
from  both  0.3  and  1.3  melt  index  polyethylenes . 
Curiously,  one  installation  contained  a  mixture  of 
both  types,  and  cracking  was  essentially  the  same 
for  both  materials.  Although  tests  to  measure 
rates  of  thermal  degradation  in  natural  polyethyl¬ 
enes  may  favor  higher  molecular  weight  polymers, 
the  combined  effects  of  the  TiO^  colorant,  the 
copper  substrate,  and  water  on  both  polymers  swamp 
the  advantages  offered  by  increasing  molecular 
weight.  Add  to  these  factors  varying  antioxidant 
content  and  the  many  in-service  environmental  fac¬ 
tors  and  the  subject  becomes  very  complex. 

High  Density  Polyethylene 

The  first  reports  of  in-service  cracking  of  poly¬ 
ethylene  insulation  caused  our  laboratories  to 
initiate  a  study  to  determine  the  nature  of  the 
cracking  problem.  Our  second  objective  was  to  de¬ 
termine  the  comparative  performance  of  high-density 
polyethylene  insulation,  because  we  had  supplied 
cables  based  upon  high-density  polyethylene  since 
1962. 

Tests  completed  to  date  indicate  that  high-density 
polyethylene  insulation  will  not  crack  as  readily 
as  low-density  insulation  when  exposed  to  air  with¬ 
in  splicing  closures.  In  fact,  high-density  insu¬ 
lation  appears  to  offer  several  times  the  service 
life  offered  by  low-density  insulation  under  these 
condi tions . 

The  longer  service  life  offered  by  high-density 
polyethylene  appears  to  be  associated  with  its 
higher  degree  of  crystallini ty ,  which  limits  the 
rate  of  oxygen  permeation  to  the  i nsul ation/conduc- 
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tor  interface  --  the  site  of  the  initiation  of 
degradation.  Oxygen  uptake  tests  at  140°C  (where 
both  products  are  molten)  show  only  slightly  sup¬ 
erior  stability  for  white  HDPE  insulation  on  cop¬ 
per  conductor,  compared  to  LDPE.  However,  labora¬ 
tory  tests,  designed  to  predict  service  life  (such 
as  presented  in  Figure  2),  all  favor  high-density 
polyethylene  where  similar  concentrations  of  San- 
tonox  antioxidant  are  considered. 


Studies  to  determine  optimum  stabilization  for 
high-density  polyethylene  insulation  have  been  in 
progress  in  our  laboratories,  but  we  believe  this 
work  to  be  a  subject  separate  from  that  being  re¬ 
ported  here. 

Conclusions 

We  conclude  from  the  above  that  the  embrittlement 
of  polyethylene  telephone  cable  insulation  ob¬ 
served  to  occur  within  splicing  closures  has  been 
caused  by  oxidation,  at  the  elevated  temperatures 
existing  within  the  closures.  The  oxidative  pro¬ 
cess  has  been  accelerated  by  the  presence  of  ti¬ 
tanium  dioxide  colorant  within  the  insulation,  and 
by  water  from  condensed  internal  moisture  washing 
away  antioxidant.  Antioxidant  did  not  evaporate 
in  significant  amounts  in  these  installations;  it 
was  consumed  during  oxidation  of  polyethylene  that 
was  accelerated  by  the  presence  of  copper  conduc¬ 
tor  and  titanium  dioxide  colorant. 

Degraded  insulation  examined  appears  to  have  con¬ 
tained  low  concentrations  of  antioxidant  when 
placed  into  service.  Such  insulation  failed  at 
shortest  service  periods  in  areas  of  highest  tem¬ 
peratures.  Insulation  that  remained  buried  did 
not  degrade,  due  to  lower  temperatures  and  the 
presence  of  high  humidities. 

High-density  polyethylene  insulation  appears  to 
offer  longer  service  life  under  the  same  condi¬ 
tions  of  environment  and  stabilization. 

In  general,  accelerated  aging  tests  made  at  high 
temperatures  must  be  interpreted  with  caution. 
Tests  made  above  the  melting  temperatures  of  crys¬ 
talline  polymers  may  not  correlate  with  results 
obtained  at  service  temperatures.  We  suggest 
testing  over  temperature  ranges  that  enable  extra¬ 
polation  to  service  conditions. 
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Daily  Temperature  Variation,  ° 
About  Yearly  Mean  Temperature, 


FIGURE  2 


FIGURE  3 


Test  Temperature  uersws  Time-To-Fail  -  In  Still  Air  Test  Temperature  versus  Time-To-Fail  -  In  Moving  Air 
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FIGURE  4 

Approximated  Daily  Temperature  Variations  in 
Ambient  Air  and  in  Air  within  a  Splicing 
Closure  -  Compared  to  the  Yearly  Mean  Temperature 
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TABLE  1 


Data  Relating  to  Reported  Insulation  Failures 


Location 

Cable 
Instal led 

Cracking 

Reported 

Years  to 
Deqrade 

Average 
Temp  °F 

Conducts 

Gauqe 

Eastern  North  Carolina 

1958 

1967 

9 

60.0 

19 

Eastern  North  Carolina 

1959 

1967 

8 

60.0 

24 

West  Central  Virginia* 

1959 

1969 

10 

52.9 

19 

Southeastern  Iowa 

1959 

1968 

9 

50.5 

19 

South  Central  Texas 

1960 

1966 

6 

68.4 

19 

Central  North  Carolina 

1961 

1971 

10 

58.0 

22 

*Cracking  occurred  in  aerial  splice  case;  others  occurred  in  pedestals. 


TABLE  2 

Time-to-fail  in  uncirculated  air  for  natural  and 
white  polyethylene^  insulation^  over  19-AWG 
copper  conductor. 


Temperature 

K) 

Time-To- 

-Fail 

In  Days 

NAT 

ixw 

2X 

3X 

4X 

5X 

130 

1.25 

120 

2.60 

no 

5.50 

100 

Over 

26^ 

15 

14 

13 

13 

13 

90 

Over 

2$(4) 

18 

18 

21 

21 

21 

80 

Over 

78  (*> 

59 

71 

78 

71 

74 

70 

Over  230^ 

192 

192 

217 

217 

192 

(1)  0.918  density,  1.9  melt  index 

(2)  Insulation  thickness  0.013  inch 

(3)  X  represents  the  normal  concentration  of  white  masterbatch 

(4)  No  failures  observed.  Tests  discontinued  at  times  shown. 


TABLE  3 

Aging  Rate  Factors  from  Data  Plotted  in  Figure  1 


Temperature  Difference 
from  the  Mean  (°C) 

Aging  Rate 
Factor 

+16 

4.0 

+12 

3.0 

+  8 

2.0 

+  4 

1.5 

0 

1.0 

-  4 

0.7 

-  8 

0.5 

-12 

0.33 

-16 

0.25 
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TABLE  4 


Calculation  of  Degradative  Aging  Relative  to 
Mean  Daily  Temperature 


Time 

Temperature (°C) 
Within  Pedestal 

Aging  Rate  Factor 

Duration(hrs) 

Relative 

Aqing 

0800 

to 

1000 

to+16 

2.0 

2 

4 

1200 

to+20 

5.0 

2 

10 

1600 

to+20 

6.0 

4 

24 

1800 

to+16 

5.0 

2 

10 

2000 

to 

2.0 

2 

4 

2200 

to- 12 

0.6 

2 

1.2 

0400 

to- 12 

0.33 

6 

2.0 

0800 

to 

0.6 

4 

2.4 

24 

57.6 

TABLE  5 

Effect  of  Conductor  Type  on  Consumption  of 
Santonox  Antioxidant  in  LDPE  Insulation 


Sample 

%  A/0  as 
Received 

%  A/0  After 

24  hrs  &  125°C 

Hours  to  Absorb 

10  ml  Oo/gm  &  140°C 

Uncolored  Pellets 

0.100 

_ 

_ 

Insulation  on  22-AWG 
Copper 

0.071 

0.026 

5.5 

Insulation  on  22-AWG 
Aluminum 

0.069 

0.065 

120.5 

Insulation  on  22-AWG 
Tinned  Copper 

0.066 

0.060 

15.0 

Hollow  Insulation 

0.071 

0.061 

60.0 

TABLE  6 

Effect  of  Water  Immersion  on  Concentration 
of  Santonox  Antioxidant  in  LDPE  Insulation 


Sample 

Insulation  on  22-AWG 
Copper 

Insulation  on  22-AWG 
Aluminum 


_ Percent  Santonox  Antioxidant _ 

After  3  days  After  3  hours 
Qrigi nal  in  H2O  at  R.T.  in  Boiling  H2Q 


0.071 

0.069 


0.067 

0.065 


0.045 

0.046 
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LONG  TERM  STABILITY  OF  POLYETHYLENE 


INSULATED  FULLY-FILLED  TELEPHONE  DISTRIBUTION  CABLES 
by  S.  Verne ,  R.T.  Puckowski  and  A. A.  Pinching 


Central  Research  and  Engineering  Division, 
British  Insulated  Callender’s  Cables  Ltd., 
London,  England 


SUMMARY 

Further  results  are  reported  of 
investigations  into  long  term  stability 
of  polyethylene- insulated  fully-filled 
telephone  distribution  cables.  These 
include  tests  on  cables  subjected  to 
temperature  cycling  and  on  water-immersed 
cables  with  severely  damaged  sheath. 

Ageing  resistance  of  specially  stabilised 
insulation  based  on  different  polyolefines 
is  discussed.  Where  an  increased  margin 
of  safety  may  have  been  required  for  very 
severe  conditions  of  service,  it  has  been 
obtained  by  improved  stabilisation  of 
polyethylene . 

INTRODUCTION 

The  fully-filled  cable  has 
been  described  and  extensively  discussed 
at  the  three  preceding  symposia . 1~5  It 
became  evident  from  these  discussions, 
and  from  the  papers  published,  that  while 
the  advantages  of  the  fully-filled  cable 
were  already  generally  accepted,  there 
was  a  requirement  for  more  information 
on  its  long-term  behaviour  under  very 
severe  conditions  of  service.  It  was 
thought  that  more  experimental  data 
were  required  where  the  confidence  was 
still  based  partially  on  a  theoretical 
argument  (e.g.  that  the  electrical 
properties  would  remain  stable  on  thermal 
cycling).  Further  experimental  evidence 
was  also  required  on  certain  aspects  of 
resistance  to  ageing,  which  depend  on 
the  selection  of  the  insulation  and  the 
filling  compounds. 

INTEGRITY  OF  INSULATION 

The  first  condition  which  must 
be  satisfied  in  selecting  the  insulation 
and  the  filling  compound  is  that  the 
insulation  does  not  crack,  and  that  it 
retains  the  necessary  mechanical 
properties  after  contact  with  the 
filling  compound  (at  the  temperatures 
arising  during  the  cable  manufacture  and 


service).  This  condition  of  compatibility 
can  be  satisfied  by  a  number  of 
combinations  involving  selected  grades 
of  low,  intermediate  and  high  density 
polyethylene,  polypropylene  and  certain 
co-polymers,  in  conjunction  with 
selected  grades  of  petroleum  jelly 
compounds ,  polyethylene/ petrolatum 
mixtures,  polybutene  compounds  etc.  Each 
insulation/ f illing  compound  combination 
must  be  individually  tested  (e.g.  as 
described  in  ref.  5)*  because  many 
grades  of  the  above  materials  give 
incompatible  combinations. 

The  second  condition, 
apparently  more  difficult  to  satisfy, 
is  that  the  insulation  should  not 
embrittle  and  crack  due  to  oxidation. 

The  risk  of  premature  failure  due  to 
oxidation  affects  only  the  bare  cores 
at  cable  joints  and  terminations,  and  is 
likely  to  occur  at  high  service 
temperatures.  Within  the  fully-filled 
cable  itself  the  insulation  is  unlikely 
to  oxidise  because  it  is  surrounded  by 
the  filling  compound  and  there  is  very 
little  oxygen  present. 

At  cable  joints  and  terminations 
it  is  essential  that  the  bare  insulated 
cores  should  benefit  from  protection 
derived  from  two  sources 

(i)  adequate  active  stabiliser  system 
incorporated  into  the  insulation 
at  the  manufacturing  stage  and, 
if  this  gradually  migrates  into 
the  filling  compound,  then 

(ii)  resistance  to  oxidation  derived 
from  contact  with,  and  absorption 
of,  the  filling  compound. 

The  first  of  these  is 
essential  because  some  cable  terminations 
can  be  made  shortly  after  the  manufacture 
and  before  the  insulation  had  been 
affected  by  a  prolonged  contact  with  the 
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filling  compound.  If  the  cable  joint  is 
made  and  the  insulated  cores  exposed  to 
air  after  a  prolonged  contact  with  the 
filling  compound,  the  insulation  may  have 
become  very  highly  susceptible  to 
oxidation.  The  deleterious  effect  on 
insulation  of  most  filling  compounds  may 
be  due  to  high  susceptibility  to 
oxidation  of  the  filling  compound  itself 
and  to  extraction  by  the  filling  compound 
of  the  antioxidant  originally  present  in 
the  polyethylene.  In  the  case  of  certain 
filling  compounds,  which  improve  the 
resistance  of  polyethylene  to  ageing,  the 
latter  effect  is  more  than  compensated 
by  absorption  into  the  polymer  of  certain 
natural  ingredients  of  the  filling 
compound  which  act  as  oxidation 
inhibitors.  It  appears  that  compounds 
based  on  synthetics  and  highly  refined 
ingredients  do  not  have  such  beneficial 
effect. 

IMPROVED  STABILISATION 

Results  of  accelerated  tests 
on  24  AWG  copper  cores  insulated  with 
8  mils  of  conventionally  stabilised 
polyethylene  were  reported  earlier. 

These  cores  were  made  to  a  specification 
requiring  a  higher  level  of  antioxidant 
than  that  recommended  at  the  time  by 
polyethylene  suppliers,  and  the  resulting 
insulation  was  considered  satisfactory 
for  most  applications,  with  a  capability 
of  surviving  at  least  12  000  hours  at  an 
average  temperature  of  60°C.  Table  I 
compares  accelerated  ageing  test  results 
on  that  insulation  with  the  corresponding 
results  on  the  improved  insulation  which 
has  now  been  adopted  commercially.  It 
can  be  seen  that  the  accelerated  tests 
show  at  least  four-fold  improvement. 

Table  II  shows  results  obtained  with 
several  alternative  stabilising  systems. 

It  has  been  already  shown  that 
even  lightly  stabilised  polyethylene 
insulation  becomes  more  than  adequate 
after  prolonged  immersion  in  selected 
petroleum  jelly  compounds.  In  most  of 
these  tests  the  cores  were  exposed  to 
the  petroleum  jelly  at  80°C,  but  similar 
improvement  in  stability  has  also  been 
found  in  solid  polyethylene  insulation 
immersed  in  the  same  petroleum  jelly  at 
2J°C  for  more  than  two  years.  Table  III 
indicates  that  the  intermediate  density 
polyethylene  (polymer  P)  benefits  no 
less  than  the  low  density  polymer  from 
contact  with  selected  petroleum  jelly 
compounds.  The  results  in  Table  III 
also  show  that  the  enhanced  stability 
of  both  solid  and  cellular  insulation 
was  well  maintained  in  a  more  severe 
test  under  air  flow  conditions. 


TABLE  I 

Resistance  to  Oxidation  of  Low  Density 

Polyethylene  Insulation  Protected _ by 

Conventional  and  Improved  Stabilisation 
Systems 


(8  mil  insulation  on  24  AWG  copper 
conductor) 


Ageing  Test 
Condition 

Oxidation  Induction 
Period  (hours) 

Conventional 

Stabiliser 

fx-1) _ 

Improved 

Stabiliser 

(V-l) _ 

Static  Air,105°C 
Air  Plow,  105 °C 

280 

180 

2000+ 

740 

+  Test  continues 


TABLE  II 

Resistance  to  Oxidation  of  Solid 

Low  Density  Polyethylene  Insulation 

(7  mil  white  insulation  E  on  26  AWG 
copper  wire) 


Induction 

105°C 

Period  at 
( hours ) 

Stabilisation 

System 

Air  Flow 

Static  Air 

W-2 

490 

1150 

W-3 

850+ 

2050+ 

V-l 

740 

2400  + 

W-l 

900 

2600+ 

V-3 

1300+ 

1300  + 

+  Test  continues 
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TABLE  III 


TABLE  IV 


Improvement  in  Resistance  to  Oxidation 
of  Polyethylene  Insulation  after 
Immersion  in  Selected  Petroleum  Jelly 
Compounds 


Insulation 

Details 

{ 

Exposure  to 
Filling 
Compound  at 
80  °C 

Induction 
Period  at 

105  °C 
(hours ) 

Static 

Air 

Air 

Flow 

8  mil  solid  :A 

None 

250 

180 

on  24  AWG  ■ 

42  days  in  S 

160 

copper  ; 

42  days  in  R 

2160 

1900+ 

30  mil  solici 

None 

700 

A  on  19  AWG i 

14  days  in  P 

copper 

or  Q 

8000+ 

30  mil  solid 

None 

650 

F  on  19  AWG 

14  days  in  Q 

copper 

or  R 

6300+ 

8  mil  ]' 

N  one 

380 

350 

cellular  B 

14  days  in  S 

190 

on  24  AWG 

42  says  in  R 

4300+ 

1900+ 

copper 

+  Test  continues 


Accelerated  ageing  tests  with 
controlled  air  flow  were  carried  out  to 
simulate  the  conditions  of  natural 
ventilation  expected  to  exist  in  certain 
types  of  termination  boxes.  The  effect 
of  a  moderate  flow  of  air  over  the 
insulated  core  (100  ml/minute,  giving 
six  changes  of  atmosphere  per  hour)  was 
found  to  be  highly  significant:  data  in 
Table  I  and  II  show  that  the  life  of  the 
"dry"  insulation  under  these  test 
conditions  was  reduced  by  a  factor  of 
two  or  more,  depending  on  the 
stabilisation  system  used. 

In  some  of  the  accelerated  age¬ 
ing  tests,  conditions  were  changed  to 
explore  whether  the  presence  of  water 
vapour  affects  resistance  to  ageing.  In 
the  tests  so  far  carried  out  (Table  IV) 
there  has  been  no  indication  that  the 
deterioration  of  polyethylene  was 
significantly  accelerated  by  the  presence 
of  water  vapour. 


Effect  of  High  Humidity  on  the  Resistance 
to  Oxidation  of  Solid  Polyethylene 
Insulation 

(7  mil  white  insulation  E  on  26  AWG 
copper  wire ) 


Ageing  Test 
Conditions 

Oxidation 

Period 

Induction 
(hours ) 

Stabiliser 

V-2 

Stabiliser 

x-i 

At  105 °C  in 
static  air 

4  80 

200 

At  105°C  in 
static  air  after 
immersion  in 
water  at  75°C 
for 

(a)  4  days 

670 

300 

(b)  11  days 

400 

100 

Humidity  cycling 
test  at  23°-105°C 

1140* 

340* 

At  96 °C  and  75^ 
relative  humidity 

1360  + 

400  + 

*  Hours  in  the  oven  at  105 °C 


+  Test  continues 


EFFECT  OP  PIGMENTS 

When  both  the  polymer  with  its 
stabilising  system  and  the  filling 
compound  have  been  proved  to  be  adequate, 
it  is  still  necessary  to  ascertain  the 
effect  of  the  various  pigment  master- 
batches  to  be  used.  Cases  have  been 
reported  of  quite  large  differences  in 
the  ageing  resistance  of  different 
colour  cores,  with  some  pigments 
apparently  having  a  large  deleterious 
effect.  Once  the  problem  is  known, 
however,  it  is  possible  to  select  from 
commercially  available  masterbatches  a 
complete  range  of  colours  which  is 
satisfactory  in  this  respect. 

Table  V  illustrates  results 
recorded  for  four  sets  of  recently 
manufactured  cores. 
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TABLE  V 

Comparison  of  Resistance  to 
Ageing  of  Pigmented  Cores 


Colour 

Induction  Period  (hours)  at 
in  Static  Air 

- 

105  c 

7  mil 

solid 

Polymer 

A/X-l 

on  26 

AWG 

Cooper 

11  mil 
cellular 
Polymer 
D/Z-l  on 
22  AWG 
Copper 

20  mil 

solid 

Polymer 

A/X-l 

on  19 

AWG 

Cooper 

5  mil 
cellular 
Polymer 
F/X-5  on 
24  AWG 
Aluminiurr 

Blue 

510-580 

820-840 

2570 

Red 

430-460 

750-770 

940-960 

2600+ 

Purple 

410-430 

- 

- 

- 

Green 

510-530 

410-430 

820-840 

2600+ 

Yellow 

480-510 

- 

670-750 

Grey 

480-510 

430-460 

- 

2600+ 

Brown 

410-430 

820-840 

840-910 

2600  + 

Black 

- 

840-910 

- 

2600  + 

Orange 

410-430 

510-580 

510-580 

2600+ 

White 

270-320 

510-580  ! 

1080 

- 

+  Test  continues 


HIGH  DENSITY  POLYETHYLENES 

Certain  selected  grades  of  high 
density  polyethylene  have  satisfactory 
mechanical  properties  and  good 
compatibility  with  petroleum  jelly 
filling  compounds  (Tables  VI  and  VII). 
Basically,  there  is  little  difference  in 
time  to  the  commencement  of  oxidation 
(i.e.  induction  period)  between  the  low 
and  high  density  polyethylene  protected 
with  similar  stabiliser  systems  (this 
does  not  apply  to  certain  types  of  high 
density  polymer  containing  harmful 
polymerisation  catalyst  residues).  The 
embrittlement  of  low  density  polyethylene 
insulation  develops  gradually  after  the 
onset  of  oxidation  and  cracking  of  the 
insulation  on  bending  occurs  only  after 
a  period  of  time,  typically  half  as 
long  as  the  induction  period.  However, 
in  the  case  of  high  density  polyethylene 
insulation,  severe  embrittlement  and 


spontaneous  cracking  may  take  place 
immediately  at  the  onset  of  oxidation 
at  the  end  of  the  induction  period.  This 
difference  in  behaviour  on  ageing  is 
illustrated  in  Table  VIII.  For  this 
reason  we  have  given  preference  to  low 
and  intermediate  density  polyethylenes . 

POLYPROPYLENES 

Tests  on  available  commercial 
polypropylene  compositions  have  shown 
still  inadequate  stability  after  exposure 
to  filling  com pounds: they  do  not  benefit 
from  the  use  of  the  petroleum  jelly 
compounds  which  effectively  protect 
polyethylene.  Since  our  last  report, 
further  progress  has  been  made  with 
experimental  polypropylene  formulations 
(Table  IX).  Promising  performance  of 
some  of  these  formulations  justifies 
further  tests  on  insulated  copper  wire. 

STABILITY  OF  ELECTRICAL  PROPERTIES 

There  is  no  reason  to  suppose 
that  the  cellular  polyethylene/petroleum 
jelly  system  is  unstable,  but  if  it  were 
unstable,  then  the  most  likely  conditions 
under  which  the  compound  would  tend  to 
fill  the  cells  would  be  those  of 
temperature  cycling.  An  experiment  was 
accordingly  carried  out,  in  which  a 
cable  was  subjected  to  18  weekly 
temperature  cycles,  during  each  of  which 
it  remained  for  three  days  at  1°C  and 
for  three  days  at  50°G.  For  this 
experiment,  a  100  pair  cable  was  used, 
with  24  AWG  aluminium  conductors  covered 
with  7  mils  of  cellular  polyethylene. 

The  cable  contained  a  paper  wrap 
followed  by  a  Glover  barrier* and  extruded 
polyethylene  sheath  (the  design  normally 
used  in  the  UK  distribution  network  omits 
the  Glover  barrier) .  The  cable  was  not 
subjected  to  any  conditioning  prior  to 
the  experiment.  Table  X  shows  that  no 
important  change  in  either  the  mutual 
capacitance  (Cm)  at  1  kHz,  or  the 
associated  loss  tangent,  has  occurred 
as  a  result  of  the  weekly  temperature 
cycles.  Table  XI  shows  similar  evidence 
from  measurements  at  1  MHz  on  the  same 
cable  subjected  to  48  daily  temperature 
cycles  between  1°  and  50°C. 


*  i.e.  aluminium/polyethylene  laminate 
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TABLE  VI 


Effect  of  Immersion  in  Filling  Compounds  on  the  Tensile 
Properties  of  Higher  Density  Polyethylene  Insulation 


Insulation 

Period  of 
Immersion  in 
Pilling 
Compound  at 
8o°C 

Yield 
Stress 
(lb/ in2) 

Break 

Stress. 

(lb/in2) 

Elongation 
at  Break 
(#) 

Polymer  P 

None 

1800 

3250 

660 

(50  mil  on  19  AWG 

14  days  in  P 

2200 

2300 

570 

copper) 

14  days  in  Q, 

2350 

2250 

620 

14  days  in  R 

2300 

2300 

610 

Polymer  G 

None 

2850 

5800 

880 

(8  mil  on  24  AWG 

14  days  in  P 

3400 

4250 

640 

copper) 

14  days  in  Q 

3150 

3400 

540 

Note:  Rate  of  extension  500$  per  minute 


TABLE  VII 


Performance  of  Higher  Density  Polyethylenes 
in  "Wrap  Test" 


30  mil  Radial 
Insulation  on 
19  AWG  Copper 
Conductor 

i 

I 

j  Density 
( g/  cm? ) 

! 

(Test 
:  Temper- 
1  ature 

(°c) 

|  "Wrap  Test"  after  14  Days 

Immersion  Period  and  Subsequent 
Exposure  for  12  Months 
at  Test  Temperature 

Compound  P 

Compound  Q. 

Compound  R 

Polymer  F 

0.932 

80 

Pass 

Pass 

Pass 

1  85 

NT 

Pass 

Fail 

Polymer  H 

0.950 

80 

Pass 

Pass 

Pass 

85 

NT 

Pass 

Fail 

Polymer  G 

0.952 

80 

Fail 

Pass 

Pass 

85 

NT 

Pass 

Pass 

NT  =  not  tested 
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TABLE  VIII 


TABLE  IX 


Oxidation  and  Embrittlement  of  Low  and 
High  Density  Solid  Polyethylene 
Insulation  on  Copper  Wire 


Insulation  Details 

j 

Induction 
Period 
(Time  to 
the  Onset 
of 

Oxidation) 
at  105 °C 
( hours ) 

Time  to 
Embrittle¬ 
ment  at 

105  °c 

(hours) 

7  mil  polymer  A/X-l 
(d  =  0.918)  on 

26  AWG 

200 

290** 

7  mil  polymer  E/W-2 
(d=  O.927)  on 

26  AWG 

1150 

1450+ 

8  mil  polymer  A/X-l 
(d  =  0.918)  on 

24  AWG 

!  : 

(a)  after  immersion*  ] 
•  in  P 

1800 

2700+ 

(b)  after  immersion*  • 
■  in  Q 

1450 

3000+ 

10  mil  polymer  G/Y-2 
(d  =  0.952)  on 

22  AWG 

(a)  after  immersion* 

-  in  P 

1550 

1550 

(b)  after  immersion* 

-  in  Q, 

1600 

1600 

*  After  14  days  immersion  at  80°C 

**  Cracking  only  on  severe  flexing 
+  Test  continues 


Resistance  to  Oxidation  of  Polypropylene 
Copolymer  Compounds  after  Immersion  in 
Filling  Compound  Q,  at  80°C 
(20  mil  thick  sheet) 


Stabilisation 

System 

Time  to  Embrittlement  in 
Air  at  l43°C  (hours) 

As 

Moulded 

After  127 
days  in  Q, 

M 

1250 

30 

M  +  copper* 

50 

<  5 

N 

1500 

280 

N  +  copper*  1 

900 

10 

N/l 

1800 

670 

N/l  +  copper* 

1620 

150 

N/2 

2250 

1430 

N/2  +  copper* 

1000+ 

380 

0/1** 

1500 

1000 

0/l**+ copper* 

1300 

900 

*  0.1$  fine  copper  dust  incorporated  in 
the  sheet 

**  Black 


+  Test  continues 

TABLE  X 

Effect  of  Weekly  Temperature  Cycling 
Between  1°  and  B0°C  on  the  Electrical 
Characteristics  at  1  kHz 


Pair 

Position 

Control 

After  18 

Weekly  Cycles 

Cw 

m 

(nF/ 

km) 

tan6m 

x  10^ 

Cm 

(nF/ 

km) 

tan6m 
x  10^ 

Outer  Layer 

63 

46 

63 

57 

2nd  Layer 

64 

6 

62 

11 

3rd  Layer 

63 

7 

62 

7 

4th  Layer 

64 

6 

65 

6 

5th  Layer 

63 

6 

64 

6 

Centre  Pair 

65 

7 

63 

7 
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TABLE  XI 


EFFECT  OF  SHEATH  DAMAGE 


Effect  of  Daily  Temperature  Cycling 
Between  1°  and  50°C  on  the  Electrical 
Characteristics  at  1  MHz 


Pair 

Position 

Control 

After 

Daily 

48 

Cycles 

Cm 

(nF/ 

km) 

tan  6m 
x  104 

Cm 

(nF/ 

km) 

ten  6m 
x  lO4 

Outer  Layer 

64 

29 

62 

25 

2nd  Layer 

65 

22 

64 

19 

3rd  Layer 

67 

22 

64 

20 

4th  Layer 

64 

23 

65 

20 

5th  Layer 

65 

21 

64 

20 

Centre  Pair 

_ i 

65 

22 

64 

17 

This  test  was  carried  out  to 
assess  the  effect  of  water  entering  the 
cable  as  a  result  of  very  extensive 
sheath  damage.  Twenty  foot  long  samples 
of  two  fully-filled  cables  were  immersed 
in  water  after  the  polyethylene  sheath 
had  been  perforated  with  24  equidistant 
holes  (quarter  inch  diameter)  helically 
located  along  the  cable.  In  one  case 
(a  100  pair  cable  with  24  AWG  aluminium 
conductor,  7  mil  cellular  insulation 
with  a  paper  core  wrap)  the  holes  were 
made  through  the  sheath  only,  whilst  in 
the  other  case  (a  37  pair  cable  with 
19  AWG  copper  conductor,  20  mil  solid 
insulation  with  both  paper  and  plastic 
laminate  core  wraps)  both  the  sheath 
and  wraps  were  penetrated  to  allow  water 
direct  access  to  the  filling  compound. 
Table  XII  shows  that,  in  both  cases,  a 
large  increase  in  mutual  capacitance 
occurred  only  in  the  outermost  layer: 
in  one  case  reaching  8$  after  150  days 
immersion  and  in  the  other  10$  after 
250  days  immersion.  The  effect  of 
water  on  the  loss  tangent  was  also 
pronounced  in  the  outermost  layer  and 
decreased  towards  the  centre  of  the 
cable.  This  large  effect  of  water  on 
the  outermost  layer  is  probably  due  to 


TABLE  XII 


Effect  of  Water  Penetration  on  the  Electrical  Characteristics 
of  Fully-filled  Cables  at  1  kHz 


100  pair  Cable  with  Sheath 
Damage  only 

37  Pair  Cable 
and  Core  1a 

with  Sheath 

Jrap  Damage 

Pair 

Position 

Control3, 

After  150  days 

Immersionh 

Controla 

After  250  days 
Immersionh 

( nF/^ km ) 

tan  $m 
x  1CT 

fn^km) 

tanj>m 
x  10 

( nF^km ) 

tan  6 
x  Kv 

(nF/^km) 

Outer  layer 

63 

50 

68 

109 

1 — 1 

LO 

48 

56 

120 

2nd  Layer 

65 

7 

66 

39 

52 

4 

52 

20 

3rd  Layer 

65 

7 

65 

19 

52 

4 

52 

11 

4th  Layer 

65 

6 

64 

12 

- 

- 

- 

- 

5th  Layer 

65 

7 

65 

9 

- 

- 

- 

Centre 

Pair 

66 

9 

65 

9 

52 

4 

52 

9 

Notes:  a  Cable  as  received  after  manufacture 
b  Cable  immersed  in  water  at  23°C 
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this  layer  being  in  contact  with  the 
water-absorbent  paper  wrap.  The. paper 
wrap  performs  a  useful  function  in  the 
cable  construction,  but  it  does  affect 
the  electrical  properties  of  the  outer¬ 
most  layer. 

FURTHER  WORK 

The  work;  on  environmental 
effects  is  continuing  and  further 
conclusions  may  be  reached  when  all  the 
results  are  available.  It  is  intended 
to  publish  these  in  full  detail  on  a 
future  occasion.  Tests  in  progress 
include  further  measurements  of  the 
effect  of  water  on  cables  with  damaged 
sheath  (different  cable  constructions) 
and  long  term  stability  of  buried  cables 
without  Glover  barrier. 

CONCLUSIONS 

1.  A  known  deficiency  of  thin 
polyethylene  insulation  (especially  on 
copper  conductor)  has  been  its  low', 
resistance  to  oxidation.  This  limitation 
has  been  overcome  by  filling  the  cables 
with  selected  grades  of  petroleum  jelly 
and  by  incorporating  more  powerful 
stabilising  systems.  These  two  measures 
are  shown  to  be  very  effective  and  secure 
adequately  long  life  for  insulation 
exposed  to  high  service  temperatures. 
Selection  of  suitable  and  compatible 
combinations  of  polyolefine  insulation, 
antioxidant  and  filling  compound  is  of 
critical  importance.  For  insulation, 

the  balance  of  advantages  is  found  to 
be  in  favour  of  low  density  or  inter¬ 
mediate  density  polyethylenes .  The  basic 
disadvantage  of  polypropylene  insulation 
in  fully-filled  cables  is  low  resistance 
to  ageing:  this  is  because  its 
resistance  to  ageing  does  not  benefit 
from  contact  with  petroleum  jellies. 

2.  Temperature  cycling  of  a  fully- 
filled  cable  with  cellular  polyethylene 
insulation  has  been  found  to  have  no 
important  effect  on  the  mutual 
capacitance.  Prolonged  immersion  in 
water,  of  cable  with  severely  damaged 
sheath  does  lead  to  some  changes,  but 
not  to  such  a  degree  as  to  affect 
significantly  normal  telephone  traffic 

in  distribution  cables. 
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APPENDIX  I 


TABLE  C 


MATERIALS  EXAMINED  S tabilisers 


TABLE  A 

Polyethylene  Insulation 


Code 

Nominal 
Density 
fe/cm2).  ... 

Melt  Flow 

Index 

fe/10  mins ) 

A 

0.918 

0.15 

B 

0.935 

1.0 

D 

0.927 

1.4 

E 

0.927 

0.3 

F 

0.932 

0.3 

Gr 

0.952 

0.3 

H 

0.950 

0.4 

TABLE  B 

Filling  Compounds 


Drop  Point  (°C) 

Code 

IP-31 

ASTM 

D-127 

.(IP- 133) 

Composition 

P 

68 

76 

PJ  of  low  wax 
content 

Q 

75 

80 

PJ  of  high  wax 
content 

R 

83 

PJ  of  high  wax 
content 

S 

55 

70 

Polybutene  with 
polyethylene 
and  wax 

All  the  polyethylene 
stabilisers  used  in  this  work  were 
commercially  available  proprietary 
materials  and  for  this  reason  they  are 
not  identified  in  this  paper.  Their 
general  description  is  as  follows: 


i  System 

Description  of  additives 

1 — 1 

1 

X 

phenolic  antioxidant  I,  nominal 
concentration  0.1$; 

x-5 

as  above,  but  nominal  j 

concentration  0.15$;  j 

Y-2 

phenolic  antioxidants  II  and  III 
together  with  a  peroxide  ; 

deactivator,  nominal 
concentration  0.15$; 

1 — 1 

1 

to 

phenolic  antioxidant  III, 
nominal  concentration  0.2$; 

1 — 1 

1 

> 

phenolic  antioxidant  I  at  a 
higher  concentration; 

V-2 

phenolic  antioxidant  I  with  a 
copper  inhibitor,  concentration 

0.15*; 

V-3 

as  above,  but  at  a  higher 
concentration; 

W-l 

high  molecular  weight  anti¬ 
oxidant  IV  with  a  copper 
inhibitor,  concentration  0.15$; 

W-2 

antioxidant  IV  with  a  copper 
inhibitor  and  a  peroxide 
deactivator,  concentration  0.15$ 

w-3 

as  above,  but  at  a  higher 
concentration . 

APPENDIX  II 
TEST  METHODS 


Ageing  Test  Procedures 

(a)  Test  in  static  air  at  1Q5°C 

Helical  coils  of  insulated  core  l|~ 
2  inch  in  diameter  were  aged  in 
air  circulating  ovens  using  a 
separate  glass  tube  cell,  loosely 
capped  with  aluminium  foil,  for 
each  core  sample. 

(b)  Test  with  air  flow  at  105°C 


Coiled  samples  of  core  were  aged  in 
separate  glass  cells  of  1  litre 
capacity  maintained  at  the  required 
temperature  by  immersion  in  the 
vapour  of  boiling  n- butyl  formate. 
Preheated  air  was  continuously 
passed  through  each  cell  at  a 
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controlled  rate  of  6000  +  500  ml/ 
hour. 

(c )  Test  at  96qC  In  a  high  humidity 
atmosphere 

Coiled  samples  of  core  were  aged 
over  a  saturated  solution  of 
potassium  chloride  in  sealed  glass 
vessels  giving  an  atmosphere  of 
about  75$  relative  humidity 
(partial  pressure  of  oxygen  ca, 

60  mm  Hg,  100  ml  oxygen/ml 
insulation) . 

(d )  Test  with  humidity  cycling 

Conditions  as  in  (a)  except  that 
the  following  daily  cycle  was  used:- 
A  measured  quantity  of  water  was 
placed  in  the  tube  below  the  sample. 
The  tube  was  kept  for  two  hours  at 
room  temperature  and  then  replaced 
in  an  air  oven  at  105°C.  While 
the  water  was  present  the  recorded 
sample  temperature  rose  gradually , 
reaching  105°C  after  6-8  hours, 
when  all  the  water  had  evaporated. 

The  first  signs  of  oxidative 
deterioration  of  insulation  were 
recorded  in  all  cases.  The  values  of 
induction  period  quoted  were  recorded 
as  time  to  the  onset  of  increase  in 
weight  (about  0.5$  W/W ) .  Evidence  of 
some  form  of  physical  deterioration  was 
observed  soon  after:  this  could  be 
either  spontaneous  cracking  (in  the 
case  of  high  density  polyethylenes ) ,  or 
cracking  on  twisting,  or  on  twisting 
and  re-exposure  to  70°C.  The  onset  of 
oxidation  was  also  evidenced  by  a  rapid 
increase  in  the  dielectric  loss  (e.g. 
at  1  MHz)  which  occurred  simultaneously 
with  the  weight  increase. 

Electrical  Measurements 


At  1  MHz  measurements  were 
carried  out  on  a  9  ft  length  of  cable 
in  the  form  of  a  coil  2.5  ft  in 
diameter.  Capacitance  and  loss  tangent 
were  measured  using  a  2-terminal 
Hartshorn  and  Ward  dielectric  test  set. 

The  mutual  capacitance  (Cm) 
and  the  associated  loss  tangent  (tan-6m) 
were  calculated  as  follows:- 


(i) 


Measurements  of  capacitance 
were  reproducible  to  better  than  1$ 
and  loss  tangent  to  ±  0.0001  or  10$ 
whichever  was  the  greater.  Measurements 
were  made  on  at  least  half  the  number 
of  pairs  in  each  layer  of  the  cable. 

The  values  of  mutual  capacitance  and 
loss  tangent  in  the  tables  are  the 
arithmetic  means  for  each  layer. 


At  1  kHz  measurements  were 
carried  out  on  20  ft  lengths  of  cable 
wound  into  coils  of  about  2.5  ft 
diameter.  A  copper  tape  was  wound 
around  the  coil  to  provide  an  electro¬ 
static  screen.  The  core-to-core 
capacitance  (C]_2)  °f  an  individual 
pair  was  measured  using  a  ^“terminal 
bridge  and  the  core-to-ground 
capacitance  (Cg)  was  measured  using  a 
2-terminal  bridge.  In  both  cases 
all  other  cores  and  the  external  screen 
were  connected  to  earth.  Measurements 
were  carried  out  at  an  applied  voltage 
not  exceeding  20  V. 
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AN  ALL- ALUMINUM- CONDUCTORED  TELEPHONE  EXCHANGE 


Ron  Neal,  Senior  Outside  Plant  Engineer 
Communication  Division 
Anaconda  Wire  and  Cable  Company 
Sycamore,  Illinois 

In  an  effort  to  provide  optimum  telephone  August,  when  production  of  the  200,000  feet 
service  to  their  subscribers,  the  operating  of  cable  and  service  wire  was  completed 
telephone  companies  must  constantly  strive  and  when  we  felt  we  were  prepared  for  any 

to  keep  abreast  of  new  developments  in  contingency,  job  construction  was  begun, 

products  and  methods  of  application  to  in¬ 
crease  operational  efficiency.  One  of  the  The  site  chosen  for  this  trial  was  Alger, 

more  challenging  of  these  developments  for  Michigan,  a  community  in  the  east-central 

future  use  is  a  cable  with  aluminum  con-  part  of  the  state.  The  Alger  exchange  was 

ductors .  chosen  because  the  entire  system  consists 

of  about  twenty  miles  of  plant.  Also,  a 

In  recent  years,  an  increasing  demand  for  forecast  of  increased  service  demand  over 
copper  coupled  with  its  relative  scarcity  the  next  few  years  indicated  that  the  sys- 

has  widened  the  price  spread  relative  to  tern  was  in  need  of  a  complete  rebuild.  At 

other  metals.  In  the  telephone  industry,  present,  the  system  serves  only  172  sub- 
this  price  increase  manifests  itself  most  scribers,  but  a  large  lakeside  development 

notably  in  the  form  of  growing  outside  is  being  constructed  nearby  and  will  re¬ 
plant  expenditures.  Since  a  large  share  quire  telephone  service  from  the  Alger 

of  outside  plant  material  costs  is  derived  exchange, 
from  cable  purchases,  and  a  good  percentage 

of  cable  costs  can  be  attributed  to  con-  The  cable  construction  chosen  for  the  buried 

ductor  materials,  one  can  see  that  there  trial  is  totally  filled,  single  jacketed, 

may  be  some  economic  advantage  to  be  real-  and  has  an  eight  mil  aluminum  shield.  At 

ized  through  the  use  of  a  less  expensive  this  point,  there  are  two  questions  that 

conductor  metal.  Much  research  has  been  probably  have  arisen:  first,  shouldn't 

devoted  to  this  end  throughout  the  cable  one  take  special  precautions  for  moisture 

industry.  We  at  Anaconda,  for  instance,  protection  with  single  jacketed  cable  in 

experimented  with  various  bi-metal  laminates,  the  ground,  and  second,  isn't  there  a  good 

aluminum,  and  even  considered  sodium  in  our  possibility  of  corrosion  of  the  aluminum 
search  for  a  suitable  conductor.  It  was  shield  below  grade?  The  answer  on  both 

found  that  aluminum  is  the  best  candidate  counts  is  no.  Totally  Filled  is  synonymous 

as  an  alternate  to  copper.  This  decision  with  moisture  proof,  and  even  if  the  jacket 

was  based  on  availability,  compatibility  is  damaged  during  installation,  the  cable 

with  standard  cable  manufacturing  processes,  core  is  still  protected  against  moisture 
stability  under  various  environmental  con-  entrance  and  migration.  Furthermore,  the 

ditions,  conductivity  and  final  product  cable  shield  is  flooded  on  both  sides  with 

handleability .  filling  compound,  which  affords  excellent 

corrosion  protection.  This  filling  material 
After  reviewing  the  possible  economic  ad-  is  the  same  non-hygroscopic  petrolatum- 
vantages  to  be  derived  from  the  use  of  polyethylene  compound  which  is  used  to  fill 

aluminum  conductored  communications  cables  Anaconda's  Totally  Filled  copper  conduc- 

and  the  future  implications  thereof,  we  tored  cables.  The  conductors  are  20  gauge 

found  that  a  subsidiary  of  a  major  holding  aluminum  alloy  and  are  polypropylene  in¬ 
company  was  interested  in  a  field  trial.  sulated.  The  same  cable  construction  was 

We  felt  such  trials  would  be  of  great  value  used  throughout  the  system,  from  the  200 
in  preparing  ourselves,  both  from  cable  pair  at  the  Central  Office  to  the  2  pair 

production  and  applications  engineering  buried  service  wire.  This  is  the  factor 

standpoints,  for  the  future  demands  of  the  which  makes  this  system  truly  unique; 
industry.  A  joint  venture  was  begun  early  aluminum  conductors  are  used  from  the  tip 

in  1970.  For  the  following  eight  months,  cable  at  the  main  frame  right  out  to  the 

each  company  worked  in  preparation  for  the  house  protectors.  (See  Illustration  1) 
job.  The  outside  plant  personnel  from  the 

telephone  company  and  from  Anaconda  found  The  cable  was  directly  buried  for  this 

splicing,  loading  and  terminating  acces-  system  in  soil  conditions  ranging  from  fine 

sories  which  were  particularly  applicable  sand  to  very  hard  clay.  A  trailer  mounted 
to  aluminum  and  developed  techniques  for  Ryan  plow  with  a  rigid  blade  was  used  to 

applying  them.  While  telephone  company  place  the  main  cables  at  a  depth  of  30 

engineering  worked  on  system  design,  inches.  (See  Illustration  2)  A  winch 

Anaconda  provided  a  new  alloy  for  the  cable  drawn  lawn  plow,  which  was  used  to  minimize 

conductors  which  its  mills  learned  to  draw  lawn  restoration,  placed  the  house  drops  at 

and  insulate.  During  the  last  week  of  a  dePth  of  18  inches.  (See  Illustration  3) 
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At  no  time  during  setup  or  plowing  was  it 
necessary  to  use  special  techniques  or 
non-standard  handling  practices  with  this 
cable.  Above  ground  cable  appearances  for 
service  wire  connection  and  loading  were 
housed  in  Utility  Products  pedestals,  and 
most  of  the  reel-end  splices  were  directly 
buried  at  cable  depth.  During  the  course 
of  construction,  we  received  many  comments  ' 
from  the  Harris  McBurney  construction  crew 
with  reference  to  handling  this  cable. 

The  consensus  of  opinion  was  that  the  men 
would  not  have  known  they  were  using  special 
cable  had  they  not  been  told  in  advance. 
According  to  these  people,  the  cable’s 
handleability ,  flexibility  and  resistance 
to  damage  was  at  least  equal  to  that  of 
copper  conductored  cable.  In  fact,  when 
pulling  a  pedestal  loop  from  the  plow  chute 
by  hand,  one  man  commented  that  the  light 
weight  of  the  cable  in  relation  to  its 
size  allowed  for  easier  handling  than  stan¬ 
dard  cables.  (See  Illustration  4) 

A  possible  disadvantage  in  using  the  alum¬ 
inum  conductored  filled  cable  during  the 
construction  of  a  system  could  arise  from 
the  fact  that  the  cable  is  considerably 
larger  in  diameter  than  standard  buried 
cables.  For  instance,  an  unfilled  200  pair 
22  gauge  copper  conductored  cable  designed 
for  direct  burial  will  have  an  overall  di¬ 
ameter  of  1.54  inches  whereas  the  200  pair 
equivalent  used  for  the  Alger  job  measured 
2.14  inches.  In  a  directly  buried  system, 
this  size  difference  demands  nothing  more 
than  a  change  of  the  plow  chute  or  a  one 
size  increase  in  pedestals,  neither  of 
which  is  particularly  difficult  or  costly. 
However,  if  any  part  of  the  system  were 
being  placed  in  ducts,  this  diameter  in¬ 
crease  could  have  a  much  greater  economic 
effect,  and  could  even  make  aluminum  con¬ 
ductored  cable  unattractive. 

The  reasons  for  this  diameter  increase  are 
rather  straight-forward  and  simple:  An 
aluminum  conductor  must  be  26  percent 
larger  in  diameter  than  a  copper  conductor 
to  achieve  the  same  electrical  resistance. 
And  in  the  case  of  the  20  gauge  conductor, 
this  size  increase  dictates  that  we  place 
28  percent  heavier  insulation  on  the  con¬ 
ductors  in  order  to  regain  the  cable's 
original  .083  microfarad  per  mile  mutual 
capacitance.  Furthermore,  when  we  replace 
the  air  in  the  cable  interstices  with  the 
filling  compound,  a  less  perfect  dielectric, 
we  must  again  boost  the  insulating  thickness 
by  24  percent  to  keep  our  mutual  capacitance 
in  line.  The  possible  use  of  foamed  in¬ 
sulation  materials  in  the  future  could 
alleviate  the  need  for  such  heavy  insula¬ 
tion  walls,  which  would  bring  cable  diam¬ 
eters  much  closer  to  those  with  which  we 
are  accustomed  to  working. 

A  significant  portion  of  our  research  time 


was  spent  on  the  selection  of  suitable 
accessories  and  the  development  of  appli¬ 
cation  techniques  for  our  alternate  metal. 
Although  the  Alger  system  is  all  20  gauge 
conductored,  we  felt  we  should  prepare 
ourselves  for  work  with  different  sizes. 

This  could  have  made  the  choice  of  acces¬ 
sories  and  application  methods  a  bit  diffi¬ 
cult;  for  we  had  originally  planned  to  use 
two  different  grades  of  aluminum  for  cable 
conductors.  For  the  larger  gauges  we  were 
planning  to  use  electrical  conductor  grade 
metal  which  would  have  given  us  adequate 
conductivity  but  less  than  desirable 
handling  characteristics.  Then  for  the 
smaller  gauge  conductors  we  would  have  used 
a  tougher  alloy  for  handling  and  processing 
purposes,  and  in  doing  so  would  have  lost 
the  desired  conductivity.  Fortunately, 
the  Anaconda  research  people  alleviated 
many  of  the  problems  that  could  have  a- 
risen  in  this  area  before  we  field  people 
even  entered  the  picture.  They  accomplished 
this  by  providing  an  aluminum  alloy  for 
the  Alger  cable  which  must  be  considered 
a  breakthrough  in  aluminum  technology. 

This  alloy  displays  some  characteristics 
that,  eighteen  months  ago,  were  not  con¬ 
sidered  available  in  aluminum.  For  example, 
when  compared  to  electrical  conductor  grade 
aluminum:  the  new  alloy  has  greater  ten¬ 

sile  strength,  several  times  greater  elon¬ 
gation  at  break  and  less  notch  sensitivity 
with  essentially  the  same  conductivity. 

What  this  all  means  to  us  is  that  we  now 
have  a  conductor  with  the  cost  figure  of 
aluminum  and  with  vastly  improved  handling 
characteristics . 

In  the  splicing,  loading  and  termination 
phase  of  the  Alger  job,  we  began  looking 
closely  at  the  peculiarities  of  aluminum 
and  chose  our  methods  and  materials 
accordingly.  The  more  prominent  of  the 
characteristics  which  influence  the  use  of 
aluminum  conductors  will  be  discussed  in 
the  order  in  which  we  encountered  them 
during  our  research  work. 

When  preparing  for  installation  of  the 
Alger  system,  one  of  our  prime  objectives 
was  the  acquisition  of  high  quality  mechan¬ 
ical  connectors  for  conductor  splicing.  The 
first  phenomenon  we  had  to  consider  when 
choosing  connectors  for  jointing  aluminum 
conductors  was  oxidation.  When  aluminum  is 
exposed  to  air,  a  thin  translucent  oxide 
film  begins  to  form  on  its  surface  almost 
immediately.  This  is  both  an  asset  and  a 
liability  to  us  when  we  consider  use  of 
aluminum  for  electrical  conductors.  The 
oxide  film  is  extremely  tough,  and  once  it 
has  formed  it  provides  protection  for  the 
underlying  aluminum  against  further  oxida¬ 
tion  or  disintegration.  On  the  other  hand, 
this  oxide  is  a  very  poor  electrical  con¬ 
ductor,  which  dictates  that  we  use  a  con¬ 
nector  whose  contact  elements  pierce  the 
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oxide  layer  and  then  remain  firmly  im¬ 
planted  against  the  aluminum  beneath. 
Naturally,  if  there  is  any  relaxation  in 
the  contact  area  there  is  a  good  possi¬ 
bility  of  oxidation  of  the  aluminum  at  that 
point  and  a  resulting  high  resistance  joint. 

The  next  peculiarity  of  aluminum  which  had 
to  be  dealt  with  was  its  notch  sensitivity. 
The  problem  here  is  that  an  aluminum  con¬ 
ductor  will  lose  a  greater  degree  of  its 
workability  and  tensile  strength  when 
scored  or  notched  than  will  copper  under 
the  same  conditions.  This  characteristic 
forces  us  into  a  rather  precarious  position 
with  respect  to  the  choice  of  mechanical 
splice  connectors.  We  now  are  required 
to  use  a  connector  that  will  penetrate 
deeply  enough  into  the  conductor  to  in¬ 
sure  adequate  oxide  penetration  and  yet 
one  which  will  not  notch  the  conductor 
deeply  enough  to  significantly  reduce  its 
physical  strength. 

There  is  another  complicating  factor  which 
must  not  be  overlooked  when  choosing  con¬ 
nectors.  When  working  with  the  aluminum 
equivalent  of  22  gauge  copper,  one  must  be 
aware  that  he  is  actually  working  with  20 
gauge  metal.  An  attempt  to  use  connectors 
designed  for  22  gauge  copper  on  the  alum¬ 
inum  would  certainly  yield  adequate  oxide 
penetration  and  a  large  contact  area,  but 
the  contact  element  of  the  connector  would 
penetrate  so  deeply  into  the  20  gauge  alum¬ 
inum  as  to  cause  loss  of  physical  strength. 

Tensile  strength  is  another  parameter  which 
may  alter  application  techniques  of  alum¬ 
inum  conductored  cables  as  opposed  to  copper 
ones.  Electrical  conductor  grade  aluminum 
of  normal  temper  will  have  about  75  to  80 
percent  of  the  breaking  strength  of  a 
copper  conductor  of  equal  resistance.  This 
characteristic  is  of  less  significance  than 
the  others  we  have  covered;  but  could  re¬ 
quire  the  use  of  greater  care  during  the 
handling  and  splicing  of  aluminum  conduc¬ 
tors  . 

During  the  winter  and  spring  prior  to  in¬ 
stallation  of  the  Alger  job,  Anaconda  and 
telephone  company  personnel  searched 
throughout  the  industry  for  mechanical 
connectors  which  would  be  in  adequate 
supply  and  which  would  work  within  all  the 
limitations  cited  above.  The  only  other 
requirement  we  placed  on  the  connectors  to 
be  chosen  was  that  they  be  of  the  insula¬ 
tion  piercing  type.  The  polypropylene  in¬ 
sulation  on  the  aluminum  conductors  is  a 
very  tough  material  and  stripping  every 
conductor  for  splicing  as  would  be  required 
with  some  connectors  was  deemed  overly  time 
consuming  and  difficult. 

At  the  beginning  of  the  Alger  job  we  were 
using  several  different  connectors,  but  in 


the  final  analysis  we  found  only  one 
completely  acceptable  with  respect  to 
physical  and  electrical  characteristics. 
This  connector  is  called  the  UAL  and  is  a 
revision  of  the  standard  UR  connector  from 
the  3M  Company.  A  number  of  changes  were 
made  on  the  UR,  the  more  important  of  which 
involved  the  contact  elements  themselves. 
The  U-shaped  opening  in  the  contact  ele¬ 
ment  which  actually  contacts  the  conductor 
was  opened  up  slightly  in  deference  to  the 
larger  conductor  size.  Also,  the  element 
was  electro -p lated  with  a  new  metallic 
material  which  looks  promising  for  future 
aluminum  work.  This  coating  material  is 
highly  conductive  and  extremely  ductile, 
so  it  will  flow  tightly  against  the  alum¬ 
inum  under  crimping  pressure.  On  future 
production  runs,  3M  also  intends  to  en¬ 
large  the  wire  entrance  ports  of  this 
connector  to  accommodate  the  increased 
diameter  over  dielectric  of  aluminum. 

(See  Illustration  5) 

During  the  actual  splicing  of  the  system, 
we  varied  the  use  of  our  connectors  a  good 
deal  to  acquire  as  much  knowledge  as 
possible  about  each  under  various  environ¬ 
mental  conditions.  For  instance,  we  made 
some  pedestal  splices  with  the  UAL  con¬ 
nectors  and  some  with  the  other  types  of 
connectors,  and  made  the  same  variations 
in  connector  use  for  our  buried  splices. 

In  a  few  splices,  both  pedestal  and  buried, 
we  used  the  different  types  of  connectors 
side  by  side  to  get  direct  comparison  data 
over  an  extended  period  of  time.  Our 
initial  findings  were  that  the  connectors 
other  than  the  UAL  notched  the  conductor 
too  deeply  and  caused  a  great  reduction  in 
conductor  strength. 

Some  of  the  UAL  connectors  have  been  in 
the  field  for  over  a  year  now  and  appear 
to  be  doing  very  well,  but  obviously,  time 
alone  will  give  definitive  results  on  con¬ 
nector  success.  However,  a  fact  that 
should  be  brought  to  light  is  that  the 
craftsmen  were  able  to  splice  this  cable 
as  efficiently  as  copper  conductored  cable 
of  comparable  construction.  The  larger 
conductor  size  did  not  reduce  handling 
efficiency  at  all.  The  craftsmen  stated, 
in  fact,  that  the  softness  of  the  aluminum 
conductors  allowed  for  somewhat  easier 
handling  than  they  had  experienced  with 
standard  cable  conductors.  (See  Illus¬ 
tration  6) 

When  planning  for  the  loading  and  termi¬ 
nation  phase  of  the  Alger  job,  we  faced 
still  another  characteristic  of  aluminum 
which  could  cause  headaches  if  not  recog¬ 
nized  and  allowed  for.  The  characteristic 
referred  to  is  aluminum1 s  susceptibility 
to  galvanic  corrosion.  This  type  of 
corrosion  occurs  when  two  dissimilar 
metals,  widely  separated  in  the  galvanic 
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ILLUSTRATION  1.  The  aluminum  cable  used  in  Alger 
has  a  single  jacket  and  an  8  mil  aluminum  shield. 
The  cable  is  filled  jacket  to  jacket  with  a 
moisture  proof  petrolatum-polyethylene  compound. 


ILLUSTRATION  h,  When  the  Harris-McBurney  men 
pulled  pedestal  loops  by  hand,  they  commented 
that  the  cable* s  light  weight  in  relation  to  its 
size  allowed  ease  of  handling. 


ILLUSTRATION  5.  One  type  of  mechanical  connector 
used  on  the  Alger  job  was  the  Skotchlok  UAL  from 


ILLUSTRATION  2.  The  main  cables  were  nlaced 
a  depth  of  30  inches  using  a  rigid  type  plow 


ILLUSTRATION  6.  Avn  Anaconda  Fnpincer  completes  a 
large  pedestal  splice  using  3M*s  UAL  connectors. 


series,  are  placed  in  close  proximity  to 
one  another  in  the  presence  of  a  conduc¬ 
tive  solution.  Under  these  conditions, 
the  metal  which  is  higher  in  the  galvanic 
series  will  be  corroded.  We  will  have, 
in  essence,  a  low  output  battery.  For 
example,  when  we  have  aluminum  and  copper 
together  the  copper  will  be  cathodic,  the 
aluminum  will  be  anodic  and  will  be 
rapidly  eaten  away.  The  key  to  beating 
this  galvanic  corrosion  problem  is  keep¬ 
ing  all  joints  between  dissimilar  metals 
moisture  free. 

On  the  Alger  job,  we  encountered  the 
jointing  of  dissimilar  metals  in  three 
areas.  There  are  aluminum- to- copper  con¬ 
ductor  splices  in  the  Central  Office  and 
at  the  copper  wound  load  coils.  Also, 
we  have  an  aluminum- to-brass  interface 
between  the  aluminum  conductored  service 
wire  and  the  lugs  of  the  Cook  Station 
Protectors . 

The  first  of  the  three  situations  pre¬ 
sented  no  particular  difficulty,  since  the 
splice  to  the  copper  conductored  tip  cable 
was  made  and  will  remain  in  the  relatively 
controlled  environment  of  the  Central 
Office.  The  other  two  interfaces  which 
will  be  exposed  to  more  extreme  conditions 
were  the  basis  of  considerable  research 
and  development  work.  Coil  Sales,  In¬ 
corporated  was  chosen  to  supply  the  load¬ 
ing  coils  for  the  Alger  system  and  with 
some  assistance  from  Anaconda  Engineering, 
eliminated  the  exposed  copper- to- aluminum 
interface  at  the  coils.  They  accomplished 
this  by  machine  jointing  the  coil  windings 
to  twinned  aluminum  conductors  and  then 
potting  the  coil  and  the  interface  in  a 
thermo-set  plastic  compound.  As  a  result, 
the  product  that  reached  the  field  appears 
the  same  as  a  standard  load  coil,  except 
it  has  aluminum  leads.  (See  Illustration  7) 

The  danger  of  galvanic  corrosion  at  the 
aluminum- to-brass  interface  in  the  station 
protectors  was  eliminated  by  a  new  product 
which  was  created  by  telephone  company 
engineers  and  the  people  at  Coil  Sales. 

This  new  product  is  a  lug,  consisting  of  a 
brass  spade  into  which  a  threaded  aluminum 
stud  is  press-fitted.  The  aluminum-to- 
brass  contact  area  is  then  encapsulated  in 
a  molded  plastic  block.  Thus,  we  have  a 
brass- to-brass  connection  at  the  protector 
and  with  the  addition  of  an  aluminum  nut 
and  washer,  an  aluminum- to- aluminum  contact 
for  the  service  wire.  (See  Illustrations 
8  and  9) 

Our  final  area  of  concentration  centered 
upon  splice  closures  and  protection  ma¬ 
terials  and  techniques  which  were  to  be 
incorporated  in  the  Alger  job.  We 
approached  this  task  much  in  the  same 


manner  as  the  conductor  splicing,  using 
several  different  techniques  in  order  to 
discern  the  most  practical  one. 

Our  fundamental  approach  to  buried  splice 
protection  involved  the  hand  packing  of  a 
compound  into  the  splice  bundle.  This 
compound  has  basically  the  same  component 
make-up  as  the  cable  filler.  We  worked 
on  the  theory  that  careful  packing  of  this 
water  proof  compound  would  protect  the 
splice  from  moisture,  therefore,  the  only 
added  requirement  was  some  sort  of  case  or 
sleeve  to  hold  the  material  in  place.  (See 
Illustration  10)  This  concept  proved  it¬ 
self  worthy  of  use  in  Anaconda’s  Labora¬ 
tories;  however,  when  placed  under  field 
conditions  and  on  a  production  basis,  this 
method  allowed  several  splices  to  get  wet. 
After  investigation  of  the  difficulty,  we 
found  that  the  compound  being  used  was  too 
firm  to  lend  itself  to  efficient  craftsman 
use.  In  the  majority  of  wet  splices,  it 
was  discovered  that  the  packing  material 
had  been  applied  liberally  around  the 
splice  bundle  but  because  of  the  firmness 
of  the  compound,  had  not  been  worked  in 
among  the  connectors  properly.  Cold  tem¬ 
perature,  which  has  a  hardening  effect  on 
the  compound,  seems  to  be  the  most  promi¬ 
nent  contributor  to  this  improper  packing. 

We  found  that  by  going  to  a  softer  compound, 
still  with  basically  the  same  formulation, 
we  were  able  to  protect  splices  adequately. 
The  GFC/REN  Corporation  is  a  supplier  of 
this  compound,  and  eventually  plans  to  pro¬ 
vide  a  hand  packed  arrangement  with  a  re¬ 
movable  polyurethane  encapsulation  over  it. 
This  concept  could  be  interesting  from  an 
economic  standpoint. 

Although  we  have  had  to  replace  some  splice 
closures  because  of  moisture  entrance,  we 
fully  intend  to  continue  trying  new  and 
simpler  methods  of  splice  protection  in  the 
Alger  system  as  they  become  available  to 
us.  The  beautiful  feature  of  this  partic¬ 
ular  cable  is  that  we  are  given  a  second 
chance  at  splice  protection.  Even  though 
water  may  enter  a  splice,  the  filled  core 
allows  no  moisture  migration  from  that  spot, 
thus  limiting  our  trouble  to  a  small, 
easily  repaired  area. 

It  is  gratifying,  and  yet  ironic  that  the 
only  difficulty  encountered  in  this  system 
is  one  of  adequate  buried  splice  protection. 
Gratifying,  in  that  none  of  our  trouble  can 
be  attributed  to  the  fact  that  this  cable 
has  aluminum  instead  of  copper  conductors, 
and  ironic  that  in  a  telephone  system  which 
is  ultra-modern  and  unique  we  were  plagued 
by  a  problem  as  old  as  buried  cable. 

The  all  aluminum  exchange  in  Alger  was  con¬ 
ceived  as  in  information  gathering  and 
problem  solving  venture  by  the  participating 
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ILLUSTRATION  7.  The  load  coils  supplied  by  Coil 
Sales  look  like  standard  coils,  except  they  have 
aluminum  leads. 


ILLUSTRATION  8.  This  brass  to  aluminum  lug  has 
interface  encapsulated  in  a  molded  plastic  block 
to  nrevent  galvanic  corrosion  at  the  station 


ILLUSTRATION  9.  An  engineer  completes  a  sub¬ 
scriber  hook-up  incorporating  the  brass  to 
aluminum  lug. 


ILLUSTRATION  10.  One  of  the  first  hand-packed 
splices  awaiting  direct  burial. 


companies,  and  as  such,  has  been  an  eminent 
success.  Moreover,  we  are  confident  that 
this  system  will  provide  high  quality 
telephone  service  to  its  subscribers  for 
years  to  come.  The  materials  and  techniques 
developed  for  the  system  and  the  vast  work¬ 
ing  knowledge  of  the  cable  which  we  gained 
during  the  installation  will  be  invaluable 
assets  when  the  use  of  aluminum  conductored 
communications  cable  becomes  economically 
attractive  to  the  industry. 


Ronald  G.  Neal  is  a  Senior  Engineer  with 
the  Anaconda  Wire  and  Cable  Company.  He 
is  in  charge  of  the  Outside  Plant  Section 
at  Anaconda's  Communication  Products 
Engineering  Center  in  Sycamore,  Illinois. 
Mr.  Neal  has  been  affiliated  with  the 
Center  for  nine  years.  He  is  the  holder 
of  a  Bachelor  of  Arts  Degree  from 
Northern  Illinois  University,  where  he 
studied  Economics  and  Mathematics. 
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Summary 


With  the  advent  of  filled  core  multicon¬ 
ductor  communications  cables,  a  need  has 
arisen  to  discuss  installation  techniques 
and  accessories  which  are  suitable  for 
efficient  and  long  lived  field  use.  This 
paper  presents  considerations  derived  from 
laboratory  study  and  actual  inplant  appli¬ 
cations.  Parameters  of  the  filled  core 
cable  that  require  consideration  are  the 
compatability  of  the  filling  compound  with 
accessories,  handling  characteristics  of 
the  compound  while  splicing,  larger  con¬ 
ductor  insulation  diameter  and  bending 
characteristics.  The  discussion  and 
following  conclusions  are  based  on  the 
Company’s  filled  cable  design  which  uses 
a  petrolatum  base  compound  for  moisture 
protection . 

Introduction 

Operating  telephone  companies  have  faced 
the  problem  of  moisture  entering  their 
cables  ever  since  the  switch  was  made  from 
open  wire  to  cable  constructions.  To  help 
solve  this  problem,  plastic  insulated 
cables  were  developed.  These  did  a  good 
job  and  are  still  in  service;  however, 
moisture  can  still  enter  the  cable  core  and 
cause  severe  problems  on  toll  and  carrier 
circuits.  With  the  advent  of  filled  cable, 
we  prevent  the  migration  of  moisture  in 
cables  and  thus  have  a  reliable  system 
which  will  last  for  many  years.  Filled 
core  multi - conductor  cables  are  not 
totally  new;  they  have  had  military 
applications  for  a  number  of  years.  As 
far  as  telephone  circuits  go,  Anaconda  has 
had  ALP-TF  telephone  cable  installed  for 
over  two  years  and  some  interesting  dis¬ 
coveries  are  worth  mentioning. 

The  cable  we  are  discussing  is  one  that  is 
totally  filled  with  a  petrolatum-poly¬ 
ethylene  mixture.  This  compound  completely 
fills  the  polypropylene  insulated  conductor 
core,  is  over  and  under  the  heat  barrier 
tape  and  is  over  and  under  the  shield. 

Thus,  we  have  a  totally  filled  cable.  The 
cable  shield  is  8  mil  aluminum  and  is 
coated  on  both  sides  with  DuPont  Zetabon. 

For  a  filled  cable  system  to  be  successful, 
the  first  and  most  important  step  is  to 
discuss  handling  and  splicing  with  the  men 


who  will  be  doing  the  work.  Usually  the 
craftsmen's  initial  reaction  to  the  pros¬ 
pect  of  working  with  filled  cable  is  that 
it  is  going  to  be  a  greasy  mess  and  will 
cause  them  nothing  but  problems.  If  they 
are  allowed  to  go  to  work  without  any 
preparation  they  work  in  a  less  than  satis¬ 
factory  manner  without  much  regard  as  to 
the  proper  handling  of  the  cable.  For 
this  reason  we  have  found  it  quite  neces¬ 
sary  to  discuss  the  cable  and  let  the 
people  work  with  it  prior  to  actual  inplant 
assembly.  Once  the  men  have  a  chance  to 
work  with  the  cable,  they  quickly  change 
their  attitude.  Most  of  this  attitude 
change  takes  place  when  they  realize  how 
the  cable  will  help  eliminate  maintenance 
and  repeated  work.  We  must  admit  that  we 
were  quite  skeptical  about  splicing  and 
handling  our  filled  cable  when  we  first 
developed  it;  however  after  handling  it  at 
a  wide  range  of  temperatures  we  became  con¬ 
vinced  that  our  preconceived  ideas  were 
unfounded.  We  are  not  saying  that  filled 
cables  do  not  present  problems  that  are 
unique  to  this  construction,  but  only  that 
filled  cables  are  not  nearly  as  difficult 
to  work  with  as  one  would  believe. 

To  date,  filled  cable  handling  character¬ 
istics  have  been  discussed  with  many  people 
in  the  industry.  These  discussions  have 
supported  our  own  opinion  of  filled  cable 
construction  for  all  uses  other  than  very 
high  pair  count  feeders.  This  type  cable 
is  being  successfully  used  in  all  types  of 
applications  from  buried  to  aerial  instal¬ 
lations.  This  means  that  the  cable 
operates  satisfactorily  over  a  temperature 
range  from  well  below  0  to  at  least  150  F. 

Our  confidence  in  this  cable  construction 
is  bolstered  by  the  fact  that  many  of  the 
filled  cables  are  being  used  for  toll  and 
trunk  circuits.  These  lines  would  be 
recognized  quickly  as  faulty  if  a  problem 
existed.  No  problems  attributable  to  the 
cable  have  been  discovered.  True,  some 
problems  did  arise;  but  as  with  anything 
new,  the  unexpected  happens.  The  problems 
that  developed  were  due  to  direct  buried 
splices.  Here  we  had  moisture  entrance 
and  as  would  be  expected  transmission 
problems.  We  found,  however,  that  once 
the  splices  were  opened  and  dried  out  or 
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replaced,  the  cable  was  still  dry  on  each 
side  of  the  splice.  Once  the  leaky 
splices  were  re-worked  and  properly  pre¬ 
pared,  we  had  no  further  trouble  in  these 
areas.  If  we  had  been  using  standard  PIC 
cables,  the  entire  length  or  span  would 
have  been  inoperable  due  to  the  water. 

Making  a  filled  core  mul ti-conductored 
communication  cable  is  not  just  a  matter 
of  taking  a  standard  telephone  cable  and 
filling  the  core  with  a  moisture  pro¬ 
tection  compound.  The  electrical 
characteristics  that  are  necessary  for 
telephone  use  must  be  retained.  This 
means  that  physical  dimensions  of  the 
cable  are  enlarged  and  thus  we  have  a 
different  consideration  to  make  when 
selecting  accessory  products  for  use  with 
the  cable.  The  addition  of  filling  com¬ 
pound  requires  that  we  increase  the  con¬ 
ductor  insulation  to  maintain  mutual 
capcitance.  Because  we  increase  insula¬ 
tion  thickness  we  make  a  larger  core  and 
consequently  a  larger  diameter  cable. 

These  changes  have  little  effect  on  most 
accessories;  however,  connector  selection 
has  to  be  modified  due  to  the  increased 
insulation.  This  increase  is  significant 
enough  that  most  standard  connectors  will 
not  work  on  all  gauge  sizes  that  they 
are  designed  for.  Also  we  have  to  take 
into  consideration  the  effects  of  the 
filling  compound  on  accessories,  as  some 
materials  are  degraded. 

Spl icing 

Field  use  has  revealed  that  it  is  not 
necessary  to  clean  the  filling  compound 
from  the  core  prior  to  splicing.  In  fact, 
it  is  almost  impossible  to  remove  enough 
of  the  filling  compound  from  the  con¬ 
ductors  to  make  a  significant  difference 
unless  a  strong  solvent  is  used. 

Cleaning  gains  no  time  in  splicing  as  the 
operation  increases  splicing  time  much 
more  than  splicing  with  coated  conductors. 
Splicing  time  for  a  man  who  has  just  be¬ 
come  accustomed  to  working  with  this  type 
of  cable  is  only  increased  by  15 %,  After 
some  time  has  been  spent  splicing,  the 
man  can  cut  his  time  down  to  almost  the 
same  period  as  he  would  use  for  a  standard 
non-filled  cable.  One  of  the  reasons  that 
splicing  time  can  be  reduced  back  to  a 
more  normal  time  is  because  of  the  filling 
compound.  The  compound  has  a  quite 
tenacious  grip  to  the  conductors  and  this 
grip  helps  to  keep  tip  and  ring  con¬ 
ductors  of  a  pair  together.  In  a  normal 
cable,  the  splicer  will  usually  locate 
the  long  lay  pairs,  if  not  all  the  pairs, 
and  twist  the  conductors  together  so  that 
he  does  not  split  a  pair  during  splicing. 
This  procedure  is  used  because  it  takes 
much  longer  to  locate  one  conductor  that 


has  been  lost  than  to  eliminate  the 
possibility.  Filled  cable  has  conductors 
that  stay  together  almost  no  matter  how 
roughly  the  core  is  treated.  Another 
advantage  is  that  the  filling  compound 
allows  .for  quick  group  identification 
because  the  binders  can  be  slid  back  to 
the  cable  butt  where  they  will  stay  in 
place.  Unlike  standard  cables,  the 
filled  cables  do  not  require  markers  for 
the  groups.  The  binders  of  standard 
cables  must  be  tied  off  if  they  are  to  be 
used  for  identification. 

Splicing  of  filled  cables  is  much  the  same 
as  splicing  of  non-filled  cables.  Currently 
most  conductor  joints  are  made  with 
mechanical  connectors;  however,  twisting 
and  soldering  is  sometimes  used.  Several 
types  of  connectors  are  being  used  which 
are  designed  to  connect  the  standard 
telephone  wire  gauges.  These  connectors 
do  not  all  accept  the  increased  insulation 
diameters  of  filled  cable.  Insulation 
diameters  will  be  found  in  Table  I.  Wire 
entrance  ports  of  connectors  will  be 
found  in  Table  II.  Connectors  suitable 
for  use  with  the  Company's  filled  cable 
will  be  found  in  Table  III. 

TABLE  I 

INSULATED  CONDUCTOR  DIAMETER  (INCHES) 

CONDUCTOR 


SIZE 

STANDARD 

FILLED 

AWG 

CORE 

CORE 

19 

.062 

.075 

22 

.045 

.053 

24 

.035 

.0425 

26 

.028 

.035 

TABLE  E 


CONNECTOR  WIRE  PORTS 


CONNECTOR 

PORT  SIZE 

TYPE 

(INCHES) 

B 

.052 

UR 

.068 

UG 

.068 

UY 

.062 

UAL 

.082  .074  .082 

MS2 

.054 
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TABLE  III 

SPLICE  CONNECTORS 


AWG 

Size 

Connector 

W/Stripped  Insulation 

Connector 

W/0  Stripped  Insulation 

19 

B,  UR,  UG 

Picabond,  UAL 

22 

B 

UR,  UG,  UY,  UAL,  MS  * 
and  Picabond 

24 

- 

All  Except  UAL 

26 

- 

All  Except  UAL 

*  The  cut-off  tails  are  hard  to  remove,  as  all  insulation  is  not  cut  through. 

MANUFACTURING  INFORMATION 


Manufacturer 

3M  Company 

AMP  Inc. 

Several  Licensed  by  Western  Electric 


Material 

UR,  UG,  UY  and  UAL  (Connectors) 
MS  (Splicing  Module) 

Picabond®  (Connector) 

B  (Connector) 


There  are  times  when  splicing  is  slowed 
appreciably.  For  example,  when  working 
in  loose  soil  or  sand,  fumbling  tools  can 
be  quite  a  problem.  Sand  and  dirt  mixed 
with  the  filling  compound  make  tools 
difficult  to  use.  To  help  reduce  these 
occurrences,  we  found  it  helpful  to  attach 
leather  bails  to  crimping  tools  so  that 
they  could  be  hung  from  the  wrist.  These 
wrist  straps  also  aid  in  holding  the  tools 
when  crimping,  as  they  become  increasingly 
difficult  to  grasp  as  they  accumulate 
filling  compound.  The  other  tool  used  a 
considerable  amount  of  time,  the  snips,  is 
generally  left  on  a  finger  and  thus  is 
always  relatively  easy  to  grasp.  The 
accumulation  of  dirt  and  sand  is  the  most 
disadvantageous  aspect  of  splicing  filled 
cable.  We  have  found  it  quite  handy  to 
have  a  paper  towel  to  lay  tools  on  while 
they  are  not  in  use. 

The  filling  compound  is  quite  stable  at 
working  temperatures  and  we  found  that 
this  stability  is  advantageous  to  the 
splicer.  A  man  can  easily  splice  a  cable 
and  not  transfer  the  filler  to  his  cloth¬ 
ing.  Because  the  compound  is  stable  at 
skin  temperature,  it  sticks  to  the  hands 
and  acts  as  an  adhesive  when  connectors 
are  picked  up  during  splicing.  The 


craftsman  soon  learns  to  gently  pick  up 
connectors,  as  contact  with  others  in  the 
container  usually  results  in  several  being 
removed  at  one  time. 

Shield  bonding  presents  no  new  problems. 

In  fact,  the  filling  compound  aids  in 
obtaining  a  more  conductive  contact.  The 
shield  is  completely  covered  with  filling 
compound,  so  when  contact  is  made  it  is 
through  the  filler  which  helps  keep  oxygen 
and  moisture  out.  Thus,  there  is  less 
chance  of  oxidation  or  electrolysis,  a 
common  reason  for  bond  failure  on  aluminum 
shielded  cable. 

Another  asset  is  hand  protection.  At  first 
our  thoughts  were  that  the  filling  compound 
would  make  the  hands  chill  faster  than 
normal  at  cold  temperatures.  This  proved 
to  be  a  false  presumption  because  the  com¬ 
pound  holds  in  body  moisture  and  prevents 
the  chill  effect  of  cool  air  moving  across 
the  skin.  The  compound  also  helps  to  pre¬ 
vent  chapping.  However,  the  splicer  must 
be  conscious  of  the  cable  filler  on  his 
hands  as  it  is  transferred  to  everything 
he  touches. 

When  a  splice  is  finished,  it  is  a  good 
idea  to  clean  all  tools  before  beginning 
another.  Kerosene  is  in  common  use  to 
loosen  the  filling  compound  from  tools.  It 
is  a  good  choice  as  it  is  less  flammable 
and  harmful  to  people  than  many  of  the 
other  solvents  and  because  it  leaves  a 
slight  oil  on  tools  for  their  protection. 
Other  organic  solvents  are  quicker  acting, 
however,  they  are  quite  flammable  and  not 
readily  available  to  the  operating  company. 

Splicing:  Step-By-Step 

1.  Ring  the  jacket  far  enough  back  so  that 
sufficient  cable  length  will  be  exposed 
to  allow  for  the  type  of  splicing  being 
used.  Usually  this  will  be  about  18 
inches.  Slit  the  jacket  from  the 
ringed  mark  to  the  cable  end. 

2.  Pull  the  jacket  towards  the  end  of  the 
cable,  it  will  easily  slip  off. 

3.  Mark  the  shield  with  a  knife  and  turn 
it  at  the  jacket  end  tearing  it  away. 
The  knife  cut  will  create  a  notch  which 
will  easily  allow  the  shield  to  be  torn 

4.  Snip  the  binder  over  the  core  tape  so 
that  it  may  be  pulled  from  the  cable. 
This  is  done  most  easily  by  holding  the 
cable  where  it  has  been  rung,  pulling 
the  binder  towards  the  end  of  the  cable 
in  a  circular  motion.  That  is,  with 
the  pulling  hand  going  around  the  cable 

5.  The  core  tape  can  then  be  removed  by 
snipping  it  near  the  cable  jacket. 
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Once  the  core  is  exposed,  it  will  be 
to  the  splicers  advantage  to  be  ready 
for  anything  he  plans  on  doing  because 
from  this  point  on  any  dirt  that  is 
contacted  by  the  hands  will  be 
carried  into  the  splice  and  will  make 
splicing  more  difficult. 

6.  The  various  binder  groups  can  be 

separated  so  that  the  splice  may  be 
planned.  Each  group  can  be  easily 
marked  by  taking  its  binder  loose  for 
a  couple  of  turns  and  making  a  con¬ 
centric  wrap  with  the  binders.  Then 
the  binder  can  be  moved  to  the  cable 
jacket  by  selecting  a  pair  and  pulling 
it  from  the  group  while  holding  the 
rest  of  the  group.  (See  Figure  I) 

This  one  pair  will  make  the  binder 
slide  back  to  the  cable  butt.  This 
method  provides  a  positive  unit 
identification.  Unlike  non-filled 
cables,  the  binder  of  the  filled 
cable  will  stay  in  place  and  not 
ravel . 
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7.  The  normal  step  here  would  be  to  twist 
together  the  long  lay  pairs  so  that 
the  tip  and  ring  do  not  become 
separated.  Because  of  the  filling 
compound,  this  step  is  unnecessary  as 
it  is  tenacious  enough  to  hold  the  con¬ 
ductors  together  during  splicing  so 
that  the  chances  of  splits  are 
eliminated . 

8.  Splice  conductors  using  the  chosen 
method . 

As  would  be  expected,  splicing  time  is  in¬ 


creased  due  to  the  presence  of  the  filling 
compound.  The  increase  in  time  is  approxi¬ 
mately  15%  for  a  new  splicer.  This  time 
can  be  reduced  considerably  once  a  person 
becomes  experienced.  An  experienced  crafts¬ 
man  can  splice  filled  cable  in  approxi¬ 
mately  the  same  time  as  standard  cable, 
depending  on  the  type  of  connector  being 
used.  Table  IV  lists  splicing  times  of 
filled  and  non-filled  cables.  The  connec¬ 
tor  that  utilizes  a  machine  to  crimp  and 
hold  the  connector  significantly  reduces 
splicing  time. 


TABLE  JZ 


SPLICING  TIME  COMPARISON  ON  TF  VS.  STANDARD  ALPETH  CABLE 
25  Pr.  22Awg  Cables 


SPLICER  NO.  I  TF  Cable  (UR  Connectors)  17.0  Minutes 

Standard  Alpeth  (UR's)  14.5 

Difference  2.5 

Percent  Increase  14.7 

SPLICER  NO.  2  TF  Cable  (UY  Connectors)  18.0  Minutes 

Standard  Alpeth  (UY's  )  15.0 

Difference  3.0 

Percent  Increase  16.6 


Average  15.6%  increase  or  2.75  minutes 
extra  for  25  pair  cable . 


The  filled  cable  splicing  times  are  times 
recorded  for  the  first  filled  cable  splices 
made  by  the  splicer. 


Twisted  And  Soldered  Splices 

Twisted  and  soldered  joints  on  filled 
cable  require  a  little  special  care  so 
that  a  good  joint  results.  The  first 
consideration  is  stripping  the  insulation 
from  the  conductor.  This  is  most  easily 
done  by  using  a  pair  of  snips  that  have 
the  stripping  notch.  The  polypropylene 
insulation  used  on  the  conductors  is  quite 
tough  and  is  difficult  to  strip  by  using 
side  cutters  or  by  using  snips  that  do  not 
have  a  stripping  notch.  Also,  the  diffi¬ 
culty  is  added  to  by  the  filling  compound. 
Once  the  conductors  are  stripped,  they  can 
be  twisted  in  the  conventional  manner. 

The  splicer  will  find,  however,  that  it  is 
more  difficult  to  grasp  the  conductors 
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while  twisting  and  he  will  also  find  that 
continued  twisting  will  soften  his  hands 
and  he  will  start  to  lose  normal  twisting 
calluses.  Once  the  conductors  have  been 
twisted,  the  soldering  should  be  done  by 
dipping  in  quite  hot  solder.  This  is 
necessary  to  float  the  filling  compound 
off  the  conductors.  To  get  a  good  bond, 
it  is  also  necessary  to  use  a  non-corrosive 
flux  which  can  be  floated  on  top  of  the 
hot  lead.  Thus,  the  conductors  are 
cleaned  as  they  go  into  the  lead  and  a 
good  solder  joint  results.  To  protect  the 
connections,  tube  type  sleeves  should  be 
used  rather  than  the  butt  type  because 
the  butt  type  sleeves  will  easily  slide 
off  during  handling  and  shorts  will 
result.  Splices  that  have  been  twisted 
and  soldered  cannot  be  protected  in  the 
same  manner  as  connectored  splices.  That 
is,  the  hand  packing  operation  must  be 
eliminated,  as  it  would  cause  sleeves  to 
be  moved  from  the  joints  causing  shorts. 

Buried  Splice  Protection 

Filled  cables  require  some  special  handling 
for  splice  protection.  When  considering 
splice  protection  methods,  we  looked  for 
ways  to  restore  the  splice  to  at  least 
the  integrity  of  the  cable  jacket  for 
buried  applications  and  ways  of  protecting 
the  splices  from  the  elements  for  above 
ground  applications.  All  presently 
accepted  methods  and  several  new  concepts 
were  evaluated. 

Some  tips  were  picked  up  during  field 
installations  that  are  worthwhile 
mentioning.  The  first  helpful  hint  is 
the  placing  of  vinyl  tape  on  the  cable 
jacket  where  it  is  cut  for  the  splice 
opening.  This  keeps  compound  from 
getting  on  the  jacket  and  acting  as  a  re¬ 
lease  agent.  The  tape  should  cover  about 
six  inches  of  the  jacket.  Another  is  the 
use  of  muslin  over  the  splice  bundle 
when  using  mechanical  cases.  This  makes 
re-entry  much  neater,  as  the  compound  is 
stable  enough  in  buried  installations  to 
be  contained  by  the  cloth. 

Several  methods  of  protecting  buried 
splices  are  commercially  available  and  most 
of  these  do  a  good  job.  The  methods  we 
have  considered  in  most  part  are  encapsu¬ 
lations,  although  we  have  looked  at  some 
of  the  older  methods  of  protecting  splices. 
Filled  cables  offer  quite  an  advantage 
over  other  cables  if  the  splice  protection 
fails.  This  is  because  the  core  is  pro¬ 
tected  from  moisture  migration.  By 
utilizing  a  compound  such  as  that  used  in 
the  cable,  a  secondary  protection  can  be 
afforded  to  the  splice.  That  is,  if  the 
splice  is  hand  packed  with  filling  com¬ 
pound  and  an  encapsulation  or  mechanical 
case  is  applied  over  it,  you  have  double 


protection . 

To  affect  this  double  protection  for  the 
splice,  use  the  hand  pack  method  and  then 
apply  over  it  a  layer  of  muslin  tape,  over 
that  a  layer  of  rubber  blanket  to  contain 
the  compound  and  allow  the  splice  to  be 
neatly  formed  and  then  two  half- lapped 
layers  of  DR  tape.  To  make  a  bond  between 
the  DR  tape  and  the  jacket,  the  jacket 
should  be  scuffed  and  C-cement  applied. 

This  makes  about  the  best  bond  we  can  get 
to  the  polyethylene  jacket.  The  importance 
of  this  jacket  bond  cannot  be  over¬ 
emphasized  because  this  is  the  area  where 
most  all  leaks  occur  and  is  the  point  of 
moisture  entrance.  Over  this  an  encap¬ 
sulation  is  made.  Most  of  the  encap¬ 
sulations  presently  in  use  are  quite  good 
as  they  do  not  crack  and  are  not  affected 
by  the  petrolatum.  They  will  give  the 
physical  protection  needed  if  we  provide 
a  bond  to  the  jacket. 

Since  filled  cables  are  primarily 
designed  for  buried  construction,  we 
undertook  a  project  to  determine  the  best 
splice  protection  methods  for  direct 
buried  splices.  This  study  involved  splice 
protection  methods  commonly  in  use  (that 
is  encapsulations  and  mechanical  cases). 

We  found  that  most  all  methods  work.  The 
primary  reason  for  an  encapsulation  to 
fail  was  poor  jacket  bond  but  it  was 
found  that  an  excellent  seal  could  be  made 
with  any  urethane  encapsulating  method 
that  was  used.  Compounds  that  were  used 
in  the  test  were  limited  to  urethanes  and 
soft  materials  such  as  petrolatums.  The 
test  was  two  part.  The  first  part  in¬ 
volved  checking  compatibility  of  the 
encapsulating  materials  with  the  filling 
compound  in  the  cable  and  the  second  part 
of  the  test  involved  actually  making  up 
splices  on  fifty  pair  filled  cable,  and 
protecting  them  with  the  particular  splice 
protection  method.  The  completed  samples 
were  submerged  in  water.  This  water  was 
then  heated  to  100  F  and  cooled  to  0  F  on 
a  cyclic  basis  in  an  effort  to  simulate 
ground  conditions  through  summer  and  winter. 
Although  insulation  resistance  decreased 
with  the  length  of  time  the  materials  were 
in  the  water,  the  compounds  adequately  pro¬ 
tected  the  splices  to  a  point  where  an 
operating  company  would  not  be  affected. 
Values  did  not  decrease  below  50,000  megohm 
miles  . 

If  splice  re-entry  is  desirable,  two 
avenues  are  open.  The  first,  is  the  cast 
iron  case  that  has  been  used  by  the  in¬ 
dustry  for  many  years.  When  using  this 
case,  it  is  important  to  make  some  re¬ 
visions  in  the  installation  procedure. 

First  the  splice  should  be  wrapped  in 
muslin  and  rubber  blanket  so  that  it  can  be 
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shaped  into  a  uniform  bundle.  This 
bundle  is  then  taped  with  DR  tape,  white 
side  out,  and  once  again  white  side  down. 
The  white  side  must  extend  onto  the 
jackets  of  entering  cables  at  least  one 
inch  so  that  all  compound  is  contained. 
This  is  necessary  because  the  filling 
compound  softens  the  sealant  used  between 
the  two  halves  of  the  splice  case.  Be¬ 
cause  of  this  taping,  the  length  of  the 
splice  will  have  to  be  shortened  by  two 
inches,  as  the  cable  jacket  normally  is 
removed  at  the  inside  edge  of  the  entrance 
port.  These  cases  are  quite  time  con¬ 
suming  to  install.  They  can  be  tested 
with  air  pressure  to  check  the  seal,  but 
this  flash  test  does  not  assure  that  the 
case  will  maintain  its  seal. 

A  second  and  less  time  consuming  method 
is  a  system  using  a  urethane  encapsulant. 
This  product,  GFC/REN  HE  Closure,  utilizes 
double  splice  protection.  The  splice  is 
hand  packed  with  a  petrolatum  base  com¬ 
pound.  The  splice  bundle  is  wrapped  in 
vinyl  tape  and  an  encapsulation  is  made 
over  it  in  a  plastic  sleeve.  To  re-enter 
this  unit,  the  plastic  sleeve  is  removed 
and  the  urethane  cut  by  pulling  an 
embedded  wire.  To  reclose  the  splice 
after  re-entry,  the  plastic  sleeve  is 
replaced  and  again  filled  with  urethane. 
This  system  is  quite  reliable  and  requires 
little  time  to  prepare. 

Our  original  thoughts  on  splice  protection 
utilized  a  method  similar  to  the  previous 
one.  This  method  consisted  of  packing 
the  splice  with  a  petrolatum  base  compound 
and  installing  a  plastic  sleeve  over  it 
for  mechanical  protection.  This  method 
worked  well  if  care  was  taken  during 
hand-packing,  but  did  not  work  under 
field  installation  conditions.  The 
problems  arose  from  voids  between  con¬ 
ductors  that  allowed  moisture  to  track  to 
the  connectors.  Part  of  the  problem  can 
be  attributed  to  the  stiffness  of  packing 
compound  used,  but  mostly  to  a  method 
that  is  not  fool-proof. 

If  re-entry  is  not  desirable  then  several 
avenues  are  open.  Listed  in  Appendix  I 
are  the  urethane  encapsulants  we  found 
suitable  for  use  on  these  cables.  We 
found  that  they  all  perform  satis¬ 
factorily  if  the  jacket  is  scuffed, 
coated  with  C- cement  and  then  a  build-up 
of  DR  applied,  (Figure  II) ,  to  compen¬ 
sate  for  the  difference  in  expansion  and 
contraction  of  the  cable  and  encapsulating 
compound . 

When  splicing  above  ground  in  pedestals, 
no  special  procedures  are  necessary. 

Normal  filled  cable  splicing  procedures 
are  followed.  The  compound  should  not 
be  removed  from  the  conductors  and 


moisture  resistant  connectors  must  be  used. 
When  exposed  to  the  air  for  a  period  of 
time  the  filling  compound  will  turn  an 
amber  color  and  become  less  greasy.  Thus, 
when  pedestals  are  re-entered  to  provide 
service  or  for  other  work  the  craftsman 
will  find  the  splice  easier  to  work.  The 
change  in  color  of  the  compound  does  not 
affect  the  identification  of  pairs  in  the 
spl  ice  or  affect  it’s  protective  qualities. 


FIG.  2 


Aerial  Splice  Protection 

When  aerial  splicing,  no  special  splice 
protection  methods  are  necessary.  A 
moisture  resistant  type  connector  must 
be  used  and  as  much  of  the  filling  compound 
as  possible  should  be  left  on  the  conduc¬ 
tors.  The  conductors  should  not  be 
thoroughly  cleaned  of  the  filling  compound 
as  it  helps  to  protect  the  splices  from 
moisture  and  to  protect  the  conductors. 

The  use  of  tapes  around  the  splice  area  on 
jackets  or  to  hold  a  splice  bundle  should 
be  avoided  as  the  combination  of  the 
filling  compound  and  the  heat  in  the 
aerial  cable  or  in  the  splice  case  may 
cause  the  adhesive  on  the  tape  to  dissolve 
and  there  will  be  no  holding  power  left. 

If  ready  access  closures  or  mechanical 
cases  are  to  be  used,  inner  sheath  rings 
that  have  tangs  should  be  used  to  assure 
a  good  grip  to  the  jacket  and  shield. 

Placement  of  splice  points  is  another  con¬ 
sideration  in  aerial  work  where  ready 
access  closures  are  to  be  used  because  the 
sun’s  heat  will  raise  the  cable  temperature 
to  approximately  170  in  certain  instances. 
At  these  temperatures,  the  splices  may 
drip  some  of  the  light  oils.  For  this 
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reason,  care  should  be  taken  so  that  the 
closures  are  not  over  places  where  damage 
to  property  would  occur. 

Installation 

Installation  of  filled  cables  presents  no 
problems,  however,  some  factors  must  be 
considered.  For  example,  filled  cable 
weighs  about  60%  more  than  standard 
Alpeth  cable.  For  this  reason  equipment 
chosen  for  transporting  and  installing 
the  cable  must  be  capable  of  handling 
this  increased  weight.  Under  most 
circumstances,  this  weight  presents  no 
problems,  however,  it  may  be  a  prime 
consideration  when  selecting  equipment 
to  transport  the  cable  to  the  job  site. 
Reels  that  would  normally  be  transported 
on  a  pick-up  truck  or  on  a  small  trailer 
might  not  be  transportable  in  as  large  a 
quantity  as  the  operating  company  is 
accustomed  to.  When  considering  the 
differences  in  weight  between  filled 
cable  and  standard  direct  buried  cable 
(that  is  double  jacketed  cable),  the 
weight  difference  is  not  quite  so  signifi¬ 
cant.  Filled  cables  offer  some  advantage 
during  installation  as  they  are  much  less 
compressible  than  the  standard  cables 
Thus  when  they  are  over-flexed  while 
being  pulled  across  sheaves  or  rollers, 
they  are  not  quite  so  susceptible  to 
smashing  damage  or  shield  fracture.  The 
advantage  is  that  the  shield  tends  to 
float  because  it  is  lubricated  on  both 
sides  and  the  corrugations  do  not  stay 
in  register  with  the  corrugations  that 
are  formed  in  the  jacket  during  extrusion. 
For  this  reason,  the  shield  will  not 
break  quite  as  quickly  as  it  would  in  a 
standard  cable  when  it  is  subject  to  over¬ 
flexing  . 

The  non- compressibility  of  the  core  offers 
quite  an  advantage  when  the  crews  come 
in  to.  set  the  pedestals  because  it  is 
here  that  damage  most  often  occurs.  This 
damage  is  usually  due  to  error  on  the  part 
of  the  person  installing  the  cable,  things 
such  as  the  cable  being  bent  sharply 
where  it  leaves  the  plow  slit  and  enters 
the  trench  leading  to  the  pedestals  or 
instances  where  the  cable  has  been  bent 
severely  where  it  enters  the  pedestal 
because  the  trench  is  not  deep  enough  to 
accommodate  the  depth  of  the  pedestal.  It 
is  in  these  areas  that  the  shield  is 
broken  due  to  bending.  With  the  filled 
cable,  there  is  less  shield  damage  thus 
better  continuity  of  shield.  The  rigid¬ 
ness  of  the  core  due  to  filling  compound 
allows  for  bends  to  be  made  more  uni¬ 
formly  with  less  care.  This  is  due  to  the 
non- flattening  characteristic  of  the  core 
during  bends.  It  can  be  compared  to  the 
practice  )of  filling  a  pipe  full  of  dry 
sand  and  heating  it  to  get  a  uniform  bend. 


The  force  required  to  bend  filled  cable 
is  the  same  as  that  for  double  jacketed 
cable  at  room  temperature.  As  the 
temperature  decreases  it  becomes  more 
difficult  to  bend.  At  -30  F,  the  filled 
cable  is  30%  more  difficult  to  bend  than 
double  jacketed  cable. 

When  back-filling  trenches,  the  same  care 
should  be  used  as  back-filling  normal 
cables  because  we  still  have  a  problem  of 
cut-through  due  to  sharp  objects  con¬ 
tacting  the  cable  jacket.  Recommended 
practice  is  to  back-fill  with  fine  material, 
sand  or  loose  dirt,  and  to  make  all  possible 
efforts  to  keep  sharp  rocks  away  from  the 
cable . 

Although  filled  cables  were  designed  pri¬ 
marily  for  buried  use,  they  are  often  used 
in  the  air.  The  prime  consideration  when 
installing  this  type  of  cable  on  poles  is 
the  high  weight  per  foot.  When  used  on 
existing  pole  lines  some  consideration 
must  be  given  to  the  sags  of  existing 
cables.  For  example,  a  typical  sag  and 
tension  for  25/22  Alpeth  cable  is  17  inches 
and  1,190  pounds.  Under  the  same  condi¬ 
tions  a  300/22  filled  cable  would  require 
a  sag  of  63  inches  and  2,580  pounds  of 
tension.  Common  practice  is  to  sag  the 
new  cable  to  the  old.  In  this  case  severe 
problems  would  exist  as  it  would  take 
30,900  pounds  of  tension  to  raise  the 
larger  cable  to  a  17  inch  sag.  Since  this 
is  an  excessive  tension  the  smaller  cable 
and  strand  would  have  to  be  lengthened  and 
resagged  to  the  new  large  cable. 

Cable  Damage 

It  is  inevitable  during  installation,  that 
cable  jackets  will  be  damaged.  With  stan¬ 
dard  cables,  this  means  that  moisture  or 
water  will  enter  the  cable  either  between 
the  jackets  of  the  double  jacketed  cable  or 
directly  into  the  core  of  a  standard  single 
jacketed  cable.  With  filled  cable,  the 
damaged  area  is  the  only  area  of  concern. 

That  is,  the  water  will  not  migrate  down 
the  cable  core  and  ruin  several  hundred 
feet  of  cable.  The  problem  is  usually  that 
the  cable  damage  occurs  and  it  is  not  known 
until  sometime  afterwards.  (For  instance 
when  the  cable  is  spliced  and  testing  is 
begun.)  For  this  reason  many  cable  feet  of 
standard  cable  are  lost  to  moisture  or  water. 
With  filled  cable,  the  water  is  held  out  of 
the  cable  and  the  cable  is  perfectly  safe 
until  the  discovery  of  damage  is  made.  At 
this  time,  the  cable  can  be  opened  at  the 
damaged  spot  and  any  moisture  removed  and 
the  jacket  integrity  restored,  either 
through  encapsulation  or  a  case  of  some  sort. 
We  have  found  cable  that  was  damaged  and  not 
discovered  until  several  months  later.  This 
cable  in  places  was  under  standing  water,  it 
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went  through  a  winter  freeze  and  moisture 
migration  was  limited  to  about  one  foot 
on  each  side  of  the  damaged  spot. 


APPENDIX  I 

SPLICE  ENCAPSULANTS  SUITABLE 
FOR  USE  ON  ALP-TF  TELEPHONE  CABLE 


John  M.  Lyon  is  Outside  Plant  Engineer  for 
Anaconda  Wire  §  Cable  at  the  Communica¬ 
tions  Products  Engineering  Center, 
Sycamore,  Illinois.  Since  joining  the . 
Company  in  1964,  he  has  been  involved  in 
all  aspects  of  wire  and  cable  development, 
manufacture,  and  application.  Mr.  Lyon 
holds  a  Bachelor  of  Science  degree  from 
Northern  Illinois  University  where  he 
studied  Management  and  Industrial 
Technology . 


Communications  Technology  Corporation 
Q  Compound 

GFC  Engineering  and  Sales  Corporation 

RP-6004 

RP-6006 

Hysol  Division -The  Dexter  Corporation 
Compound  as  furnished  in  "U"  series  kits 

3M  Company 
Scotchcast  4401 

Preformed  Line  Products  Company 
3600 

Rezolin,  Incorporated 
185  C 

Western  Electric 
F  Plug 
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WALT  DISNEY  WORLD  CONTEMPORARY 
CABLE  SYSTEM 


P.  J.  Hartllng ,  WED  Enterprises  and 
W.  L.  Sellers,  General  Cable  Co. 


A  Film  and  Oral  Presentation 
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THE  UNI-FIElU  (BLACK  MAGIC™-)  FLAT  CABLE,  A  NEW  MULTISIGNAL  TRANSMISSION  LINE 


Joseph  B.  Marshall 
Ansley  Electronics  Corp. 
Subsidiary  of  Thomas  S  Betts  Corporation 
Doylestown,  Pennsylvania 


Introduction 

For  applications  where  a  multitude  of 
signals  have  to  be  transmitted  through 
cables  in  small  spaces,  flat  cable  trans¬ 
mission  lines  have  been  found  to  be  the 
best  solution.  In  conventional  flat 
cables  alternate  ground-signal-ground 
conductors  are  positioned  side  by  side  in 
one  plane  to  establish  the  required 
transmission  line  parameters:  Character¬ 
istic  impedance,  velocity  of  propagation, 
attenuation  and  line  to  line  interference 
(crosstalk).  These  flat  cables  are  be¬ 
ing  used  in  millions  of  feet  today  trans¬ 
mitting  signals  with  rise  times  of  a  few 
nanoseconds  only,  and  performing  quite 
satisfactorily.  There  is  one  aspect, 
however,  where  these  types  of  cables  are 
pushing  the  limit  of  their  acceptability: 
the  crosstalk  from  one  signal  line  to  the 
other.  The  interference  between  the  ad¬ 
jacent  signal  lines  increases  as  pulse 
rise  times  become  faster.  This  crosstalk 
effect  is  mainly  due  to  the  fact  that 
only  the  central  part  of  the  electromag¬ 
netic  field  is  propagating  within  the 
cable  insulation,  while  the  outskirt  of 
the  field  extends  into  the  immediately 
surrounding  air.  At  fast  rise  time 
pulses  this  air  effect  causes: 

a.  Excessive  ringing  above  the  "Fast 
crosstalk"  CDievel  at  the  Near  End; 

b.  "Differential  crosstalk" ( D  at  the  Far 
End  of  the  interconnection. 

Black  Magic  flat  cable  eliminates  this 
air  effect  and  replaces  it  with  a  special 
compound  plastic  jacket;  by  that  it 
greatly  reduces  crosstalk. 

The  Black  Magic  phenomenon  accomplishes 
three  important  tasks: 

1.  Provides  for  a  low  crosstalk  cable 
interconnection  in  place  of  high  cross¬ 
talk  level  conventional  flat  cables. 

2.  Extends  the  advantages  of  flat  cable 
concept  into  a  field  where  miniature 
coaxial  cables  were  required  because 
conventional  flat  cables  were  too  noisy. 

3.  Extends  the  field  of  flat  cables  for 
intercabinet  wiring  applications  for 
floor  use  because  the  Black  Magic  jacket 


withstands  such  wear. 

Physical  Description 
The  main  features  of  the  cable  are: 

a.  A  central  flat  cable  insulation  core 
having  low  dielectric  constant  and  low 
dissipation  factor,  embodying  a  multi¬ 
tude  of  conductors  and 

b.  An  all  around  insulator  jacket  dis¬ 
tinctively  different  from  the  cable  core 
insulation.  For  electrical  reasons  it 
has  a  high  dielectric  constant  and  high 
dissipation  factor;  for  physical  advan¬ 
tages  it  is  self-extinguishing,  has  a 
quality  for  wear  and  abrasion  resistance 
and  seals  environmentally. 

The  prototype  cable  (see  Figure  1)  has  a 
polyethylene  insulation  for  the  core  and 
a  special  vinyl  compound  for  jacket.  The 
Black  Magic  tradename  comes  from  the  color 
of  the  jacket  and  the  unexpectedly  good 
performance  of  this  cable.  (Pat.  pending) 

The  prototype  design  (see  Figure  2)  con¬ 
sists  of  20  signal  and  21  ground  conduct¬ 
ors;  the  signals  are  round,  while  the 
grounds  are  rectangular.  The  thickness 
of  the  ground  conductors  is  equal  to  the 
signal  wire  diameter.  , 

Such  conductor  arrangement  has  many  advan¬ 
tages  : 

a.  The  width  of  the  rectangular  conduct¬ 
ors  is  chosen  so  that  the  signals  may  be 
located  in  alignment  with  given  connector 
terminals,  yet  establishing  the  necessary 
spacing  for  the  characteristic  impedance 
between  signals  and  grounds. 

b.  The  insulation  removal  (stripping)  is 
easier  at  the  cable  ends  because  both 
round  and  rectangular  conductors  have 
uniform  height. 

c.  There  is  only  one  ground  to  terminate 
between  two  adjacent  signals  (in  conven¬ 
tional  round  wire  flat  cables  two  or  more 
grounds  have  to  be  used,  partially  be¬ 
cause  of  crosstalk  control  or  matching 
the  cable  signals  to  connector  terminal 
locations ) . 

d.  The  flat  round  arrangement  offers  an 
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easy  identification  for  signals  and 
grounds.  This  feature  is  quite  helpful, 
particularly  when  signals  and  grounds 
will  be  terminated  in  two  different 
planes  (e.g.  to  printed  circuit  boards 
used  as  microstrip) . 

The  operating  temperature  of  the  proto¬ 
type  cable  is  80°C;  however, . the  Black 
MagicLM- phenomenon  may  be  designed  with 
high  temperature  insulation  materials  and 
offer  the  same  advantages  as  the  proto- 
type  polyethylene  core  cable.  The  proto¬ 
type  structure  is  flexible  and  may  be 
bent  into  a  radius  equal  to  the  cable 
thickness  and  straightened  out  without 
any  noticeable  change;  it  also  may  be 
folded  straight  back  upon  itself  or  in  a 
45°  angle  without  causing  any  physical 
damage,  with  no.  ill  effect  on  the  elec¬ 
trical  performance.  The  prototype  cable 
passes  the  U.L.  flame  test  for  self¬ 
extinguishing  properties. 

Electrical  Features  In  General 

The  geometry  of  the  cable  ensures  a 
uniform  polyethylene  dielectric  practi¬ 
cally  for  the  total  area  of  the  TEM  field. 
(TEM,  Transverse-electromagnetic  propa¬ 
gation  is  the  mode  commonly  excited  in 
coaxial  and  open  wire  lines). 

The  main  electrical  parameters  for 
multisignal  transmission  cables  in  gener¬ 
al  are : 

1.  characteristic  impedance 

2.  propagation  velocity 

3.  attenuation 

4.  line  to  line  interference  (crosstalk) 

In  the  prototype  Black  Magic  cable 
the  first  three  are  controlled  by  the 
polyethylene  cable  core,  while  crosstalk 
is  limited  by  the  special  jacket. 

Multisignal  transmission  line  flat 
cables  of  conventional  types  have  a  major 
drawback  at  fast  rise  time  pulses:  to 
keep  line  to  line  interference  at  an 
acceptable  minimum  level.  The  surround¬ 
ing  air  at  the  outer  periphery  of  these 
cables  raises  crosstalk  and  in  particu¬ 
lar  Far  End  crosstalk  to  such  level  that 
loads  may  be  triggered  unintentionally. 

The  main  electrical  feature  of  the 
Black  Magic  phenomenon  is  to  replace 
this  undesirable  air  effect  with  a  layer 
of  dielectric  material:  the  jacket,  which 
has  a  higher  dielectric  constant  and 
higher  dissipation  factor  than  the  cable 
core.  This  jacket  confines  the  field  of 
propagation  of  the  individual  signals  to 
such  a  degree  that  crosstalk  will  improve 
manyfold. 


It  is  the  criteria  of  this  design  to 
select  a  geometry  for  the  thickness  of 
the  polyethylene  in  coordination  with  the 
conductor  arrangement ,  where  the  great 
majority  of  the  electromagnetic  field 
will  propagate  within  the  low  loss  diel¬ 
ectric  and  attenuation  or  propagation 
velocity  will  be  affected  very  little  by 
the  surrounding  jacket.  In  the  proto¬ 
type  design  being  presented  here,  98%  of 
the  field  propagates  in  the  polyethylene 
cable  core. 

However,  the  Black  Magic  cable  may 
be  designed  with  thinner  cable  cores  with 
certain  trade-offs  on  the  propagation 
velocity  and  attenuation.  In  these  de¬ 
signs  the  higher  dielectric  constant . 
material  will  contribute  to  a  composite 
dielectric  constant  by  the  percentage  of 
the  square  root  of  its  dielectric  con¬ 
stant  weighed  by  its  field  effect.  Con¬ 
sequently,  the  propagation  velocity  in 
such  cable  would  be  somewhat  slower; 
still,  the  Black  Magic  phenomenon  will 
apply  and  crosstalk  will  be  limited. 

The  present  prototype  cable  was  de¬ 
signed  for  unbalanced  systems;  however, 
the  "Black  Magic"  phenomenon  applies  as 
well  for  balanced  pair  designs  and  im¬ 
proves  crosstalk  in  both  cases. 

Characteristic  Impedance 

The  characteristic  impedance  of  sig¬ 
nal  transmission  lines  depends  on  the 
size,  shape  and  location  of  the  conduct¬ 
ors  and  on  the  dielectric  constant  of 
the  insulation  material.  In  order  to  es¬ 
tablish  a  formula  with  measurable  proper¬ 
ties  the  following  basic  relationship  was 
utilized : 

ZQ  c  C  =  1 
where : 

ZQ  =  characteristic  impedance,  ohms, 
in  air 

c  =  velocity  of  propagation,  meter 
per  second,  in  air 

C  =  capacitance,  Farad  per  meter, 
in  air 

A  simplified  form  of  this  with  practical 
units : 

ZQ  =  1.016  /  C 
where : 

C  =  capacitance,  picofarad  per  fool* 
in  air 

To  account  for  the  dielectric  material: 

zd  -  Z0/  («* 

where : 

Zd  =  characteristic  impedance  in 
cable 
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ZQ  =  characteristic  impedance  in  air 

£  =  the  effective  dielectric  con¬ 
stant,  relative  to  air 

To  ease  the  prediction  and  calculation  of 
the  cable's  characteristic  impedance  a 
formula  was  established  based  upon  the 
dimensions  of  the  cross-sectional 
geometry: 

ZA- - T  42  cosh-1(i.  8x2- (1. 2  5x2-l)i’)  ohms 

dce)l 

where : 

x  =  D/d 

D  =  pitch,  signal  to  ground 
d  =  diameter  of  conductor 

The  above  formula  was  found  to  be  in 
close  agreement  with  actual  measurements. 
It  gives  direct  applicability  for  multi¬ 
conductor  cables  where  both  signal  and 
ground  conductors  are  round  wires.  There¬ 
fore,  further  explanation  is  needed  for 
the  characteristic  impedance  of  flat- 
round-flat  conductor  arrangements,  the 
design  used  for  the  prototype  Black 
Mag icT-M- cable .  Since  the  thickness  of. 
the  flat  conductors  is  equal  to  the  sig¬ 
nal  wire  diameter  and  the  corners  are 
radial,  the  following  consideration  was 
accepted : 

D  =  s  +  d 

where : 

s  =  the  separation  between  the 
round  and  rectangular 
conductors 

Recognizing  the  dimensions  for  the  con¬ 
ductor  arrangement  in  the  prototype 
Black  Magic  cable: 
d  =  0.0113  inch 
s  =  0.00685  inch 
D  =  0.01815  inch 

the  calculation  gives  ZQ  =  76.2  ohm 
characteristic  impedance  in  air. 

Having  98  percent  of  the  field  propagat¬ 
ing  in  the  polyethylene  and  2  percent  in 
the  jacket,  results  a  square  root  of  com¬ 
posite  dielectric  constant  equal  to 
1.525;  consequently,  the  characteristic 
impedance  of  the  prototype  Black  Magic 
cable : 

i 

zd=Zo/(S)i=76,2/1,525  =  50  ohmS 
Propagation  Velocity 

The  electromagnetic  energy  propa¬ 
gates  in  free  space  with  a  velocity  of 
3  ( 10.) 8  meters  per  second.  Expressing 
this  in  more  practical  units  on  a  time 
delay  base: 

TP  =1.016  nanosecond  per  foot,  in  air  and 
o 


TPd=  TPq(6) a  nanosecond  per  foot,  in 
cable 

where : 

TP  =  propagation  time  in  cable 
d 

The  signal  propagation  time  in  the  proto- 
type  Black  Magic  cable  is  1.55  nsec./ 
foot.  The  polyethylene  cable  core  with¬ 
out  the  jacket  yields  1.53  nsec. /foot 
propagation  delay.  These  measured  re¬ 
sults  are  shown  in  Figure  3  and  are  com¬ 
parable  to  calculated  values  based  upon 
the  assumption  that  98%  of  the  TEM  field 
propagates  within  the  polyethylene. These 
readings  are  taken  at  'the  10%  level  of 
the  input  pulse  rise  time,  tr  =  0.18 
nanoseconds . 

Observing  the  pictures  at  the  5%  level 
(one  vertical  Division)  1.54  (cable  with 
jacket)  and  1.50  (cable  without  jacket) 
nanosecond  per  foot  reveals  more  differ¬ 
ence,  due  to  the  slightly  larger  elbow 
radius  of  the  un jacketed  cable.  (In  con¬ 
ventional  flat  cables  where  the  cable 
thickness  and  signal-ground  conductor  de¬ 
sign  pitch  ratio  is  smaller  and  often 
less  than  1  (one),  this  elbow  radius  due 
to  air  effect,  can  develop  to  a  serious 
degradation  of  the  pulse  edge.) 

Attenuation 

Signals  transmitted  through  cables 
are  attenuated  along  the  lines .  This 
attenuation  is  due  to  conductor  losses 
and  insulator  losses;  both  are  frequency 
dependent.  Copper  losses  are  affected 
by  the  square  root  of  frequency,  and  in¬ 
sulation  losses  by  the  frequency.  The 
measure  of  attenuation  is  expressed  in 
decibel/foot  at  sine  wave  frequencies  and 
by  the  slope  change  of  the  rise  time  at 
pulse  type  signals. 

The  shape  of  a  selected  pulse  rise 
time  (1,  5,  or  10  nanoseconds,  etc.)  may 
be  matched  by  the  ascending  half  of  an 
equivalent  sine  wave  frequency  through  a 
two  channel  oscilloscope.  Such  measure¬ 
ments  showed  good  agreement  with  the 
following  formula: 

tr=  0.295/fo 

where:  tr=  pulse  rise  time  10%  to  90%, 
seconds 

fQ=  corresponding  frequency,  in 
Hz 

Sine  Wave  Attenuation 

Conductor  losses  may  be  expressed  by  the 
following  formula: 
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where : 

Ac=attenuation  of  the  copper  conductor, 
dB/100  ft. 

Zd=characteristic  impedance  of  cable, 
ohms 

d  =diameter  of  copper  conductors, 
inches 

The  formula  for  insulation' Tosses : 


Ad-  2.78  (£) 2  Df  fMHz 


A^=attenuation  of  the  insulation, 
decibel/100  ft. 

£  ^dielectric  constant,  relative  to  air 
D^=dissipation  factor 

The  calculated  attenuation  for  the  speci¬ 
men  Black  Magic  cable  described  in 
Figure  1  -  in  decibel/100  ft.  units: 


Ad=( 0.008)  f 


Figure  4  -  shows  the  calculated  and 
measured  Sine  Wave  attenuation  values  on 
the  prototype  Black  MagicT'Mcable . 

Pulse  Rise  Time  Attenuation 

Both  the  edge  and  magnitude  of  pulse 
are  attenuated  through  a  length  of  signal 
transmission  line.  These  losses  are  due 
to  the  cable  conductors  and  insulator  and 
will  become  evident  by  comparing  the  in¬ 
put  and  output  shape  of  the  pulse.  In  a 
given  cable  these  losses  are  affected  by 
the  input  rise  time  of  the  pulse  and  also 
by  the  length  of  cable. 

To  calculate  the  rise  time  attenuation 
a  formula  was  developed  for  coaxial 
cables : ^ ) 

To=4.56(10)"7(A2/fo)  i2 
where : 

TQ=time  in  seconds,  needed  for  the  out¬ 
put  pulse  to  reach  the  50%  reference 
level  of  the  input  rise  time 

A0=AC  +  Adin  decibel/100  ft.  units 

fo=0.295/tr;  frequency  in  Hz 

£  ^length  of  cable  in  feet 

tp=input  pulse  rise  time  in  seconds 


This  formula  applies  to  a  theoreti¬ 
cally  vertical  pulse  edge  or  at  least  to 
a  very  fast  pulse  rise  time.  In  practice, 
however,  we  may  deal  with  1  or  5  nano¬ 
second  rise  time  pulses.  When  the  actual 
input  rise  time  is  comparable  or  slower 
than  this  calculated  rise  time  attenua¬ 
tion  of  the  cable,  both  shall  be  consid¬ 
ered.  Taking  a  look  at  Table  3  the  cal¬ 
culated  output  rise  time  is  2.515  nano¬ 
seconds  only,  with  tr  =  5  nanosecond 
pulse  input;  it  is  obvious,  however,  that 
feeding  the  cable  with  a  pulse  edge  of  5 
nanoseconds,  the  output  should  be  at 
least  5  nanoseconds,  but  cannot  be  less. 
Consequently,  it  seems  necessary  that  the 
actual  input  rise  time  would  be  accounted 
for  in  the  calculations.  Using  this 
method  for  predictions ,  a  reasonable 
agreement  can  be  found  to  the  actual 
measurements.  Table  1  shows  the  calcula¬ 
tion  of  T0.  Table  2  schedules  the  diff¬ 
erent  amplitude  levels  of  the  actual  in¬ 
put  pulse,  normalizing  the  10-90%  rise 
time  for  one  (1). 

The  prototype  Black  Magic  cable  was 
tested  for  rise  time  attenuation  with 
three  different  pulse  rise  times: 

0.18  nanoseconds 
1.0  nanoseconds 
5.0  nanoseconds 

Results  are  shown  in  Table  III  in  compar¬ 
ison  with  the  calculated  values. 

Line  to  Line  Interference  (Crosstalk) 

Bundled  twisted  pairs,  triplets  and 
conventional  multisignal  flat  cables  gen¬ 
erally  give  no  particular  difficulties 
with  certain  transmission  line  parameters, 
such  as  characteristic  impedance ,  propa¬ 
gation  velocity  or  attenuation;  however, 
line  to  line  interference  becomes  a  prob¬ 
lem  with  fast  rise  time  pulses  or  high 
frequency  signals;  for  such  signals  co¬ 
axial  cables  are  used  at  present  for 
adequate  overall  performance. 

Describing  crosstalk  between  closely 
located  signal  transmission  lines,  the 
generally  used  terminology  throughout  the 
industry  is: 

1.  Signal  line:  consists  of  signal  and 
ground  conductors ; 

2.  Active  line:  conducting  signal  line; 

3.  Quiet  line:  nonconducting  signal  line; 

4.  Near  End  crosstalk:  interference  meas¬ 
ured  in  Quiet  line  at  the  end  where  sig¬ 
nals  enter  the  Active  line; 

4a.  with  pulsed  signals:  Fast  cross- 
talkd)  and  peak  crosstalk; 
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4b. with  sinusoidal  signals:  the  maxi¬ 
mum  level; 

5.  Far  End  crosstalk:  interference  meas¬ 
ured  in  the  Quiet  line  at  the  load  end  of 
the  Active  line; 

5a.  with  pulsed  signals:  Differential 
crosstalk^-)  ;  peak  crosstalk 


ing  and  studying  shapes  of  different 
crosstalk  pictures  because  the  character¬ 
istic  impedance  of  the  cable  specimen  can 
be  matched  to  the  impedances  of  the  Pulse 
Generator  and  Oscilloscope  (50  ohms)  with 
out  special  network.  The  improvement  ex¬ 
hibited  by  the  jacketed  Black  Magic  cable 
may  be  concluded  by  the  following  tabula¬ 
tion  : 

Crosstalk  in  Percent 


5b.  with  sinusoidal  signals:  the  maxi¬ 
mum  level; 

6.  Fast  crosstalk:  reaches  maximum  magni¬ 
tude  when  twice  the  propagation  time  of 
Quiet  line  is  greater  than  input  pulse 
rise  time:  this  is  a  miniature  replica  of 
the  input  pulse;  the  width  is  equal  to 
twice  the  propagation  time  of  the  Quiet 
line;  same  polarity  as  the  input  signal; 


nsec . 

CA-489 

CA-490 

Improvement 

10 

0.3 

0.05 

6  times 

5 

0.6 

0.1 

6 

2 

1.5 

0.3 

5 

1 

o 

CO 

0.5 

6  M 

0.18 

8.6 

1.1 

7.8  " 

7.  Peak  Near  End  crosstalk:  develops  gen¬ 
erally  at  the  end  of  the  Fast  crosstalk; 
may  be  caused  by  air  effect  or  termina¬ 
tion  mismatch; 

8.  Differential  crosstalk:  spike  shaped, 
opposite  polarity  than  the  input  pulse; 
Magnitude  depends  on  air  effect  at  the 
cables1  outskirt  and  on  the  length  of 
cable ; 

9.  Peak  Far  End  crosstalk:  either  polar¬ 
ity; 

10 .  Matched-terminated :  the  input  imped¬ 
ance  of  the  generator  (pulse  or  signal) 
is  matched  to  the  characteristic  imped¬ 
ance  of  the  Active  line  (lines); 

The  input  impedance  of  the  measuring  in¬ 
strument  (oscilloscope)  is  matched  to 
the  characteristic  impedance  of  the  sig¬ 
nal  line  being  tested  (Active  or  Quiet); 
all  other  signal  lines  are  terminated  to 
loads  equal  to  their  characteristic 
impedances . 

In  conventional  multisignal  trans¬ 
mission  line  cables  the  Differential  Far 
End  crosstalk  causes  the  highest  level  of 
interference;  at  the  same  time  this  is 
the  area  where  the  Black  Magic™  phenome¬ 
non  is  the  most  effective.  To  study  the 
differences  test  results  on  the  proto¬ 
type  Black  Magic  cable  (CA-490)  were  com¬ 
pared  to  those  measured  on  the  basic 
polyethylene  cable  core  (CA-489;  the 
latter  may  be  considered  a  good  quality 
conventional  flat  cable).  Figure  5  shows 
oscilloscope  pictures  of  the  crosstalk  at 
the  Quiet  line  output  measured  by  utiliz¬ 
ing  pulse  rise  times:  0.18,  1,  2,  5,  and 
10  nanoseconds  consecutively  for  the 
Active  line  input  signal.  For  this  test 
one  Active  line  was  driven  adjacent  to 
the  Quiet  line.  This  condition  offers  an 
optimum  fidelity  and  clarity  for  obtain¬ 


The  photographs  show  far  end  cross¬ 
talk  with  each  of  the  five  different 
pulse  rise  times  on  both  pictures.  On 
CA-489,  the  base  lines  are  aligned  for 
easier  reading.  The  crosstalk  control  is 
clearly  visible  in  the  reduction  of  the 
spikes  and  the  most  evident  at  the  faster 
rise  time  pulses. 

The  reason  for  this  crosstalk  reduc¬ 
tion  is  the  difference  between  CA-489  and 
CA-490:  the  jacket.  It  makes  the  cable 
thicker  and  it  also  has  higher  dielectric 
constant  and  higher  dissipation  factor 
than  the  polyethylene  cable  core. 

A  reasonable  question  arises:  was 
the  crosstalk  reduced  by  the  thicker  cabl 
or  by  the  different  dielectric?  For  an 
answer  another  cable  (CA-580)  was  built 
with  a  polyethylene  jacket  around  the 
basic  polyethylene  cable  core  with  dimen¬ 
sions  identical  to  CA-490.  The  Far  End 
crosstalk  measured  on  this  specimen  is 
shown  on  Figure  6. 

Comparing  these  measurement  to  the 
previous  two  cables ,  the  following  con¬ 
clusions  may  be  taken: 

1.  Far  End  crosstalk  improved  with  the 
thicker  polyethylene  cable  compared  to 
the  thinner  one.  However,  the  Black 
Magic  cable  utilizing  different  dielec¬ 
tric  materials  confined  the  crosstalk 
far  greater. 

2.  The  differential  spike  (opposite  polar 
ity  than  the  signal  pulse)  at  fast  rise 
time  pulses  still  characterizes  the  thick 
er  polyethylene  cable,  while  the  same  is 
diminishing  in  the  Black  Magic  cable 
(with  tr  =  0.18  nsec,  it  is  2.6%  in 
CA-580,  while  only  0.5%  in  CA-490). 

For  the  10  foot  Black  Magic  proto¬ 
type,  the  Near  End  crosstalk  was  meas¬ 
ured  with  one  Active  line  adjacent  to 
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the  Quiet  line.  Figure  7  shows  the  oscil- 
locope  picture. 

The  above  tests  were  selected  to 
give  a  clear  evaluation  on  the  crosstalk 
controlling  features  of  the  Black  Magic™' 
type  cables.  However,  for  quantitative 
worst  case  results,  tests  were  made  driv¬ 
ing  four  Active  lines  (two  at  each  side 
of  the  Quiet  line)  on  ten-foot  and  fifty- 
foot  long  prototype  cables.  The  re¬ 
spective  pictures  are  shown  on  Figure  8 
and  Figure  9.  The  highest  crosstalk 
measured  was  3.5%  for  Near  End  peak  with 
1  nanosecond  rise  time  input  which  shows 
a  performance  much  better  than  conven¬ 
tional  flat  cable  transmission  lines. 
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Table  I  -  Calculation  of  TQ  for  the  prototype 
Black  Mag icT'MC able  CA-4  9  0  10  foot  long 


For  rise  time  degradation  measurements,  the  following 
pulses  were  used: 


TABLE  II  Amplitude  levels  of  a  pulse  edge  with  10-90%  referenced  to  (1) 


TABLE  III  Pulse  edge  attenuation  of  prototype  Black  Magic™ cable  CA-490, 
10  foot  long,  calculated  and  measured  values 


Time 

Part 

Output  Pulse 

Rise  Time 

Rise  time 
Amplitude 

Factor 

per 

Table  I 

of  T0 
per 

Table  I 

of  Actual 
Pulse  rise 
time  per 
Table  II 

Calculated 

Measured 

nano  s 

e  c  0  n  d 

.  - - 1 

Pulse  rise  time  =  .18  Nsec. 
Tq  =  .12426  Nsec. 


10-50% 

.83  Tq 

.  103 

.083 

1.86" 

.20 

10-6  0  % 

1.48  Tq 

.  184 

.101 

.285 

.25 

10-70% 

2.89  Tq 

.359 

.123 

.482 

.40 

o\° 

0 

00 

1 

0 

1 — 1 

6.92  Tq 

.  860 

.148 

1.  008 

.  80 

10-90% 

28.63  T 

3.56 

.18 

3.74 

LO 

CD 

CM 

Pulse  rise  time  =  1  Nsec. 


T0  =  .09777  Nsec. 


10-50% 

.83  T0 

.0  81 

.  46 

.  541 

.60 

10-60% 

1.48  T0 

.145 

.  56 

.705 

.72 

10-70% 

2.89  T0 

.283 

.68 

.  963 

.  88 

10-80% 

6.92  T0 

.677 

.  82 

1.497 

1.24 

10-90% 

1.0 

3.799 

3.12 

Pulse  rise  time  =  5  Nsec. 


10-50% 

.83  To 

10-60% 

1.48  T0 

10-70% 

2.89  To 

10-80% 

6.92  To 

10-90% 

28.63  To 

^.0/0 
2 .93 
3.654 
4.708 
7.515 


/L  •  D  U 

2.95 

3.60 

4.60 
6.50 
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Figure  1  -  Photograph  of  the  prototype 
Black  Magic*'1*'  cable  with  insulation 
stripped  and  conductors  showing  at  one 


Figure  2  -  Cross-section  of  prototype 
Black  Magic  cable  (CA-490) 
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Figure  S  -  Far  End  crosstalk  measure¬ 
ments  on  the  prototype  Black  Magic*'*'' 
cable  (CA-490)  and  on  the  polyethylene 
cable  core  (CA-489);  one  (1)  Active  line 
Length  of  test  specimens:  10  foot 
Test  Equipment:  H.P.  I415A  TDR  and  rise 

Test  Ad a p t e r :  A n s 1 e y ' s  #604- 1 9 8 
Vertical  scale:  1%  crosstalk  par  Division 
compared  to  the  input  pulse  amplitude. 


tr  -  0.13  nsec, 
crosstalk  =  -?.6% 

(tr  -  pulse  rise  time  at  Active  line 
input ) 


Figure  6  -  Far  End  crosstalk  on  polyethy¬ 
lene  jacketed  cable  CA-580,  encapsulating 
the  basic  polyethylene  cable  core:  CA-489 
one  (1)  Active  line 
Length  of  test  specimen:  10  foot 
Test  equipment:  H.P.  #1415A  TDR 
Test  Adapter:  An s ley ' s  #604-193 
Horizontal  scale:  0.4  nsec/Div. 

Vortical  scale:  1%  crosstalk  per  Division 
compared  to  the  input  pulse  amplitude 
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Peak  crosstalk:  i.t>« 


MB 


Figure  7  -  Hear  End  crosstalk  measure¬ 
ment  on  prototype  Black  Magic IJ*'  cable 
(CA-49G) ;  one  (1)  Active  line; 

Length  of  specimen:  10  foot 

Test  Ecuipraent:  H.P.  #1415A  TDK  +  1  nsec. 

rise  time  converter 

Test  adapter:  Ans ley's  #604-198 

Horizontal  scale:  4  nsec./Div, 

Vertical  scale:  1%  crosstalk  per  Divi¬ 
sion  compared  to  the  input  pulse  ampli¬ 
tude. 


tr  =  1  nsec. 

..Near  End .  crosstalk 


D.C.  level  2.3 
Peak  3 .  5 


'•Far  End  crosstalk  % 

+  0.S 


.Hear  End  crosstalk  % 


D.C.  level  2.! 
Peak  2.1 


Far  End  crosstalk 


Figure  8  -  Crosstalk  measurements  (Near 
End,  Far  End)  on  prototype  Black  Magic  M 
cable  (CA  490);  four  (4)  Active  lines 
Length  of  specimen:  10  foot 
Test  equipment:  H.P.#8Q00A  pulser  and 
5  nsec*  rise  time  converter;  Tektronix 
#86 1A  scope  with  3T77A  and  3 SI  plug  in 
units 

Test  adapter:  Ansley's  #604-200 
Horizontal  scale:  5  nsec./Div. 

Vertical  scale: 

Active  line:  0.5  V/Div, 

Quiet  line  :  0.05  V/Div. 


Fear  End  crosstalk 


Input  pulse 


Crosstalk 

Crosstalk  %  =  2.13 


Far  End  crosstalk 


[nput  pulse 


Crosstalk 

+  1.7 

Crosstalk  %  ~  -2.13 


Figure  9  -  Crosstalk  measurements  (Near 
End,  Far  End)  on  prototype  Black  Magic™' 
cable:  CA-490;  four  (4)  Active  lines 
Length  of  specimen:  50  foot 
Test  Equipment:  H.P.  #  8  0  0  0  A  pulser ,  Tek¬ 
tronix  ii  5  6 1A  scope  with  3T77A  and  381 
plug-in  units 

Test  adapter:  An s ley's  #604-200 
Horizontal  scale:  20  nsec./Div. 

Vertical  scale: 

Active  line:  0.5  V/Div. 

Quiet  line  :  0.05  V/Div. 
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ADVANCES  IN  COMPUTER  CONTROLLED  MEASUREMENTS  OF  CABLE  PARAMETERS 


Peter  P.  Jorrens 
General  Radio  Company 
Concord,  Massachusetts 


ABSTRACT 


Since  1967  computer-controlled  test  systems 
of  the  type  described  in  this  paper  have  been 
used  for  the  rapid  automatic  test  and  evaluation 
of  parameters  of  multiconductor  telephone  cables 
ranging  in  lengths  from  200  to  20,000  feet. 

These  parameters  are  important  in  the  design  and 
manufacture  of  cables  by  determining  transmission 
efficiency,  crosstalk  and  noise.  These  systems 
have  evolved  into  second  and  third  generation 
versions,  with  improvements  in  measurement 
techniques  and  operational  utility.  In  addition 
to  measurements  of  Mutual  Capacitance,  Capaci¬ 
tance  Unbalance  to  Ground  and  Pair-to-Pair 
Capacitance  Unbalance  measurements  of  Capacitance 
Unbalance  to  Shield,  Mutual  Conductance,  Conduc¬ 
tor  Resistance  and  Conductor  Resistance  Unbalance 
can  now  be  made  with  the  same  system.  This  paper 
describes  the  structure  of  these  automatic 
systems  and  some  of  the  current  and  future 
capabilities. 

INTRODUCTION 

In  the  design  and  manufacture  of  paired 
telephone  cable,  capacitive  and  resistive 
relationships  of  conductors  are  used  to  deter¬ 
mine  transmission  characteristics.  Large  cables 
are  made  up  of  units  containing  up  to  100  twisted 
pairs  each.  Since  there  are  4950  two-pair 
combinations  in  a  100 -pair  unit,  measurements  of 
all  pairs  and  two-pair  combinations  and  the 
computations  necessary  for  a  statistical  report 
makes  an  automatic  computer  controlled  system 
highly  desirable. 

Since  the  first  Automatic  Cable  Capacitance 
Test  System  was  installed  in  19671,  many  improve¬ 
ments  and  expanded  capabilities  have  led  to  the 
introduction  of  second  generation  systems 
(Figure  1).  In  addition  to  measurements  of 
Mutual  Capacitance,  Capacitance  Unbalance  to 
Ground  and  Pair-to-Pair  Capacitance  Unbalance, 
new  measurements  can  now  be  performed  such  as 
Capacitance  Unbalance  to  Shield,  Mutual  Conduc¬ 
tance,  Conductor  Resistance  and  Conductor 
Resistance  Unbalance.  Emphasis  was  put  on 
decreasing  test  time,  improving  operator  con¬ 
venience  and  simplifying  maintenance.  From  one 
to  three  100  cable-pair  fanning  fixtures  can  be 
connected  to  a  system.  The  operator  console 
includes  a  teletypewriter,  a  control  panel,  a 
high  speed  paper  tape  reader  and  a  memory  cathode 
ray  tube.  The  keyboard  of  the  teletypewriter 
and  the  control  panel  enable  the  operator  to 
enter  cable  parameters  and  test  modes  into  the 
systems  computer.  The  CRT  display  is  used  to 


provide  rapid  operator  displays  of  error  messages, 
summaries  and  statistics,  and  a  magnetic  tape 
recorder  serves  to  store  test  results  for 
further  off-line  statistical  analysis.  The 
teletypewriter  output  is  used  if  a  record  of  all 
measured  or  calculated  parameters  is  desired. 


DEFINITIONS  OF  CABLE  PARAMETERS 

The  cable  parameters  measured  by  the  system: 
Mutual  Capacitance,  Capacitance  Unbalance  to 
Ground,  Capacitance  Unbalance  to  Shield,  Mutual 
Conductance,  Pair-to-Pair  Capacitance  Unbalance, 
Conductor  Resistance  and  Conductor  Resistance 
Unbalance  are  defined  in  Figure  2.  All  capaci¬ 
tance  and  conductance  tests  are  made  at  1  kHz. 

Mutual  Capacitance  -  Mutual  capacitance  is  defined 
as  the  capacitance  between  the  two  conductors  of 
a  cable  pair. 

Mutual  Conductance  -  Mutual  conductance  is  defined 
as  the  conductance  between  the  two  conductors  of 
a  cable  pair. 

Mutual  capacitance  and  conductance  are  closely 
related  to  the  insertion  loss  of  a  cable  pair. 

Capacitance  Unbalance  to  Ground  -  Capacitance 
unbalance  to  ground  is  the  difference  in  the 
direct  capacitances  of  the  wires  of  a  cable  pair 
to  all  other  cable  conductors  and  shield.  The 
unbalance  in  the  capacitance  to  ground  of  the  two 
wires  of  a  pair  determines  its  susceptibility  to 
noise  pickup  and  is  sometimes  referred  to  as  the 
"noise  capacitance  unbalance". 

Capacitance  Unbalance  to  Shield  -  Capacitance 
unbalance  to  shield  is  similar  to  the  capacitance 
unbalance  to  ground  except  that  all  other  cable 
pairs  not  being  tested  are  grounded. 

Pair-to-Pair  Capacitance  Unbalance  -  Pair-to-pair 
capacitance  unbalance  is  the  capacitance  that 
must  be  added  to  or  subtracted  from  the  capaci¬ 
tance  between  one  wire  of  one  pair  and  one  wire 
of  another  pair  to  balance  the  two-pair  network. 

The  unbalance  in  the  capacitance  between  the 
conductors  of  any  two  pairs  provides  an  indication 
of  the  amount  of  voiceband  crosstalk  to  be 
expected  in  service. 

Conductor  Resistance  and  Conductor  Resistance 
Unbalance  -  The  conductor  resistance  is  the  series 
resistance  of  each  wire  and  the  conductor  resis¬ 
tance  unbalance  of  a  cable  pair  is  the  unbalance 
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of  the  series  resistances  of  the  two  wires  of  a 
cable  pair. 

These  parameters  provide  an  indication  of 
attenuation  and  crosstalk. 


MEASUREMENT  TECHNIQUES 

Capacitance-Conductance  Bridge  -  The  usual  way  to 
measure  cable  capacitances  and  conductances 
requires  a  bridge  that  is  balanced  to  ground.  It 
is  extremely  difficult,  however,  to  maintain  a 
balanced-to-ground  condition  in  an  automatic 
system.  Therefore,  the  system  described  uses  a 
three - terminal ,  transformer-ratio-arm  bridge 
shown  in  Figure  3. 

Two  wires  are  connected  to  the  unknown  and 
detector  terminals  of  the  bridge.  Any  capacitance 
up  to  1  jiF  between-  either  of  these  terminals  and 
ground  is  connected  across  the  oscillator  or 
detector  and  does  not  affect  the  accuracy  of  the 
measurement.  In  the  example  shown  Ci  is  being 
measured. 


If  the  two  wires  are  connected  to  the  unknown 
and  standard  terminals  and  the  core  of  the  cable 
under  test  to  the  detector  terminal  of  the  bridge 
as  shown  in  Figure  4,  the  capacitance  unbalance 
to  ground  (C2-C3)  is  measured  directly. 

Capacitance  Unbalance  to  Shield  -  The  capacitance 
Cx  between  the  cable  shield  and  all  other  conduc¬ 
tors  can  be  as  high  as  3.5  pF  for  a  20,000  foot 
cable.  The  direct  differential  measurement  of  the 
capacitance  unbalance  to  shield  is  therefore  not 
practical  due  to  low  detector  sensitivity.  A 
special  measurement  technique,  shown  in  Figure  5, 
overcomes  this  problem.  Two  measurements  are 
required  to  determine  the  capacitance  unbalance  to 
shield: 


1)  Part  (a.)  of  Figure  5.  The  cable  pair  under 
test  is  connected  to  the  unknown  and  standard 
arm  of  the  bridge.  All  other  cable  pairs  are 
connected  together  and  to  ground.  The  shield 
is  connected  to  the  input  of  a  non-inverting 
amplifier  shunted  to  ground  by  a  reference 
capacitor  CRef*  The  amplifier,  with  gain  k, 
is  connected  to  the  detector  terminal  of  the 
bridge  through  a  coupling  capacitor  Cc.  At 
balance,  the  bridge  reading  is  proportion¬ 
al  to  the  capacitance  unbalance  to  shield: 


CA  =  (C2  -  C3) 


kCc 

C2  +  C3  +  +  CRef 


2)  Part  (b.)  of  Figure  5.  The  reference  capaci- 
tor  CRef  is  connected  between  the  unknown 
terminal  of  the  bridge  and  the  input  of  the 
amplifier.  The  shield  is  connected  between 
the  amplifier  input  and  ground.  All  cable 
pairs  are  connected  together  and  to  ground. 

At  balance,  the  bridge  reading  CR  is  propor¬ 
tional  to  CRef: 


kCc 

Cb  =  CRef  C2  +  C3  +  Cx  +  CRef 

These  two  bridge  readings  yield  the  capaci¬ 
tance  unbalance  to  shield: 


,  .  2a 

(c2  -  c3)  -  cRef 

This  equation  shows  that  only  the  absolute 
value  of  the  reference  capacitor  CRef  has 
to  be  known  accurately.  The  long  term  gain 
stability  of  the  amplifier  and  the  stability 
of  the  coupling  capacitor  is  of  secondary 
importance. 

The  range  of  capacitance  unbalance  to  shield 
that  can  be  measured  by  the  system  for  a  given 
shield-to-ground  capacitance  Cx  is  limited  by 
the  maximum  voltage  input  the  capacitance 
bridge  can  withstand  and  the  equivalent  noise 
input  of  the  amplifier: 

10‘4 £1 2..-.j3.  ^  1.5X10-2 

Cx 

Mutual  Conductance  -  The  true  mutual  conductance 
G  of  a  cable  measured  on  the  capacitance- 
conductance  bridge  is  equal  to  the  difference  of 
the  measured  apparent  mutual  conductance  Gm  and 
an  error  term  Ge: 


Ge  is  the  error  introduced  by  the  d.c.  lead 
resistance  connecting  the  fanning  fixture  to  the 
test  system  and  the  d.c.  loop  resistance  of  the 
cable  pair  under  test: 

Ge  =  J  (Ra  +  Cmut  w 

where  Ra  =  d.c.  loop  resistance  of  the  test 
leads 

Px  =  d.c,  loop  resistance  of  the  cable 
pair 

cmut  =  mutual  capacitance  of  the 
measured  cable  pair 

w  =  2  7T  f;  f  =  1  kHz 

Two  methods  can  be  used  to  determine  the  loop 
resistance  of  the  cable  pairs: 

can  be  a  predetermined  constant  for  each 
wire  gauge  or  it  can  be  measured  first  on 
each  cable  pair  in  a  separate  test  sequence 
and  stored  in  the  computer  memory. 

Even  if  G0  can  be  determined  to  a  good  accuracy, 
the  true  mutual  conductance  can  be  in  error  by 
a  large  percentage,  because  Gm  and  Ge  are  of  the 
same  magnitude  for  long  cables. 
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Conductor  Resistance  and  Conductor  Resistance 
Unbalance  -  Two  methods  are  used  at  the  present 
time  to  measure  these  parameters: 

1)  The  conductor  resistance  of  each  wire  is 
measured  at  1  kHz  with  the  three-terminal 
capacitance-conductance  bridge.  The  errors 
introduced  by  switch-contact  and  internal 
system  resistance  can  be  minimized  by 
separate  reference  measurements.  This 
method  has  the  advantage  of  simplicity  and 
yields  good  accuracy  for  conductor  resis¬ 
tance,  but  it  requires  four  measurements  per 
wire.  The  conductor  resistance  unbalance 
accuracy  for  short  cables  (conductor 
resistance  of  less  than  10  0)  is  poor  due  to 
resistance  variation  between  leads  from  the 
fanning  fixture  to  the  scanner,  which  are 

in  the  order  of  t  10  mQ.  The  error  intro¬ 
duced  by  measuring  the  conductor  resistance 
at  1  kHz  rather  than  at  d.c.  due  to  skin 
and  proximity  effects  are  negligible. 

2)  The  conductor  resistance  of  each  wire  is 
measured  at  d. c.  with  a  four-terminal 
digital  ohmmeter.  Internal  system  resis¬ 
tance  does  not  introduce  errors  with  a  four 
wire  measurement.  This  second  method  is 
more  precise  than  the  first  one  but  requires 
additional  instrumentation  and  a  four-wire 
scanner  and  fanning  fixture. 


THE  SYSTEM 

The  basic  system  accommodates  up  to  100 
cable  pairs  connected  to  a  single  fanning  fixture 
in  one  or  two  groups.  To  take  full  advantage  of 
the  high  measurement  speed  of  the  test  system, 
an  additional  two  fanning  fixtures  can  be 
connected  to  the  system  to  allow  the  operator  to 
connect  a  cable  to  one  fixture  while  a  test  is  in 
progress  on  another  cable. 

A  simplified  block  diagram  of  a  300  cable 
pair  test  system  is  shown  in  Figure  6.  It 
includes  a  reed-relay  scanner  for  the  automatic 
connection  of  600  cable  wires,  an  automatic 
capacitance-conductance  bridge  for  parameter 
measurements,  a  minicomputer  for  control  and  data 
processing,  a  teletypewriter,  a  control  console 
and  CRT  for  operator  control,  a  magnetic  tape 
recorder  for  data  storage  for  off-line  analysis, 
and  a  computer/system  interface  unit. 

The  computer  used  in  this  system  is  a 
Digital  Equipment  Corporation  PDP-8/e.  The 
computer  memory  can  be  expanded  from  the  basic  4k, 
12-bit  words  to  32k,  12-bit  words  in  4k  increments, 
depending  on  how  many  tests  have  to  be  performed 
and  how  detailed  the  test  reports  have  to  be. 

Before  a  set  of  test  sequences  is  started, 
the  operator  has  to  enter  pertinent  cable  data 
into  the  computer  via  the  teletypewriter  keyboard 
(number  of  pairs,  cable  length,  conductor  gauge, 
cable  temperature,  etc.).  The  system  then  checks 


automatically  for  connection  errors  (open 
connections,  near  end  or  far  end  shorts,  crossed 
pairs)  and  waits  for  an  operator  decision  is  one 
is  found.  During  each  test  sequence,  measurement 
results  which  are  out  of  tolerance  produce  error 
messages  which  normally  do  not  require  operator 
intervention. 

At  the  end  of  a  test  sequence,  a  system  self- 
check  is  performed  using  a  calibrated  network 
which  simulates  two  10,000  foot  cable  pairs.  If 
a  system  malfunction  is  detected,  an  error  message 
is  displayed  on  the  system  operator  console. 

Following  the  successful  completion  of  each 
test  sequence,  a  summary  of  the  final  computed 
results  and  test  limits  is  displayed  on  the 
operator  console.  A  typical  CRT  display  is  shown 
in  Figure  7.  Display  (a)  shows  some  error 
messages  which  require  operator  intervention  such 
as  cable  shorts,  crossed  pairs  and  open  connec¬ 
tions.  Display  (b)  shows  a  statistical  summary 
for  a  Mutual  Capacitance  test  sequence.  Figure  8 
shows  a  typical  teletypewriter  output. 

The  basic  accuracy  of  the  capacitance- 
conductance  bridge  is  0.1%.  Variation  in  system 
and  fanning  fixture  stray  capacitance  and  series 
resistance  between  measurement  paths  set  the 
accuracy  for  the  complete  system  (including 
fanning  fixtures)  to  the  following  values  for 
cable  lengths  from  200  ft.  to  20,000  ft.: 

Mutual  capacitance:  ±  0.25% 

Mutual  conductance:  ±  0.05  Micromhos 
(for  cable  lengths  below  1000  ft.) 

i:  0.5  Micromhos 
(for  cable  lengths  above  1000  ft.) 
Capacitance  unbalance  to  ground  (or  shield) : 

±  (4  pF  +  4  pF/1500  ft.) 
pair-to-pair  capacitance  unbalance: 

±  (4  +  0.15  Vlength)  pF 
Conductor  resistance  (1  kHz) : 

+  (0.57o  +  20  Milliohm) 

Conductor  resistance  (d.c.): 

t  (0.1%  +  1  Milliohm) 


CONCLUS ION 

The  present  second -generation  test  systems  are 
fast,  highly  reliable,  accurate,  self-checking 
and  fully  automatic.  They  can  be  used  profitably 
as  a  quality  control  tool  or  in  the  design  of  new 
types  of  communication  cables.  The  time  saving 
over  comparable  manual  systems  is  on  the  order  of 
10:1  or  greater,  depending  on  the  data  analysis 
performed. 

Telephone  cables  will  have  to  be  manufactured 
to  increasingly  tighter  specifications  in  order  to 
be  used  in  modern  communication  systems.  Cable 
manufacturers  will  have  to  test  more  transmission 
line  parameters  of  larger  cable-pair  samples  to 
assure  compliance  with  user  specifications. 

To  fulfill  present  and  future  needs  of  the 


259 


cable  industry,  a  third  generation  of  Automatic 
Cable  Test  Systems,  now  under  development,  will 
include  measurement  capabilities  for  inductance 
and  near-end  or  far-end  crosstalk  for  25,  50  or 


100  cable-pair  samples  at  frequencies  of  150  kHz, 
772  kHz  and  3.16  MHz.  These  systems  will  be  able 
to  measure  far  end  crosstalk  of  at  least  -110  dB 
at  150  kHz. 
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MUTUAL  CAPACITANCE 
C2C3 

C<+  d nr. 


capacitance  UNBALANCE  TO 
GROUND 
C2-C3 


PAIR-TO-PAIR  CAPACI  TANCE 
UNBALANCE 
(C,  +  C3)'[C2-I-C,) 


Figure  2 


AT  BALANCE:  C,  =  CS|^ 

Figure  3  -  Transformer-ratio-arm  bridge,  direct 
measurement  of  Cp 
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Figure  4 


Transformer-ratio-arm  bridge,  differ¬ 
ential  measurement  of  (C2-C3). 


STANDARD 


Figure  5  -  Transformer-ratio-arm  bridge,  modified 
to  eliminate  effect  of  large  stray 
capacitance. 
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I  DENT  IF  1  CAT!  ON  DATA  (NUT): 

AMY  UV.  CHARACTERS 
PA  IRS  S  K'H 
LENGTH  (FEET):  13C30 
TEST  FIXTURE  NO:  £ 

SHORT:  HAIR  XX  R 
SHORT:  HAIR  YY  C 
SHORT:  PAIR  Z Z  S 

MUTUAL  ERROR  THRESHOLD:  > XX .XXX  FF 

Cl  LOW:  PAIR  XX  XXX. XXX  PF  R 
Cl  LOW:  PAIR  XX  XXX. XXX  FF  S 
MUTUAL  ERROR:  PAIR  XX  XXX. XXX  PF/MILE 
Cl  LOW:  PAIR  YY  YYY.YYY  PF  R 


MUTUAL  CAPACITANCE  AVERAGE:  XXX. XXX  NF/MILE 

LIMIT:  XXX. XXX  NF/MILE 

STANDARD  DEVIATION:  XXX. XXX  PF/MILE 

LIMITS  PULP:  XXX.XXX  FF/mILE 

PIC!  XXX. XXX  PF/MILE 
COEFFICIENT  OF  DEVIATION:  XX. XX  X 


Figure  7  -  Typical  CRT  displays. 


Figure  6  -  Simplified  block  diagram  of  a  300- 
pair  system  with  options. 


IDENTIFICATION  DAT  ft 

SAMPLE  MEASUREMENT  FOR  C  MOT,  UNB  GND  AND  P-P  UNB  IN  ALL  MEAS  AND  AUTO 
PAIRS:  2 

LENGTH  I  FEET ) «  S06 


PAIR  MUTUAL  Cl  C2  C3 

I  83-73  NF/MI  3.58  NF  8-90  NF  8.85  NF 

8  84 • 63  NF/MI  3.02  NF  10.16  NF  10.19  NF 

MUTUAL  DISTRIBUTION:  CELL  NUMBERS  ARE  CELL  CENTER  VALUE  NF/MI 


L  70.9  72.9  74.9  76.9  78-9 


1.9  82.9  84.9  86.9  80-9 


.9  100.9  102-9  104.9  106-9  108.9 


AVERAGE  0.0B41  UF/MI  COEFF  OF  DEVIATION 

STD  DEVIATION  450.13  PF/MI  LIMITS:  PULP  90 
NUMBER  OF  TESTS  2 


PAIR  UNBAL  C2  C3 

1  51.49  PF  8.90  NF  8*85  NF 

2  -  24.49  PF  10.16  NF  10.19  NF 

UNBALANCE  TO  GROUND  DISTRIBUTION:  CELL  NUMBERS  ARE  CELL  MAX  PF/1500  FT 


1100  1200  1300  1400  1500  1600  1700  1800  1900  2000 

0000000000 

AVERAGE  112.64  PF/1500  FT 

STD  DEVIATION  FROM  BALANCE  119.54  PF/1500  FT 
NUMBER  OF  TESTS  2 

pair-to-pair  unbalance 

C.u.  LIMIT  101.67  PF  SKIP  LIMIT  12*45  X  OF  C.U.  LIMIT 

C.U.  DISTRIBUTION:  CELL  NUMBERS  ARE  CELL  MAX  X  OF  C.U.  LIMIT 
2.5  5.0  7.5  10.0  12. S  15.0  17.5  20.0  22.5  85.0 


87.5  30.0  32.5  35. ( 


SND  OF  TIST -TYPE  CR  TO  RESTART 


Figure  8  -  Typical  printout 
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HIGH  FREQUENCY  POWER  BREAKDOWN  OF  COAXIAL  CABLES 


Gumersindo  Rodriguez 

Naval  Ship  Research  and  Development  Center 
Annapolis  Laboratory 
Annapolis,  Maryland 


ABSTRACT 

An  investigation  of  RG-58/U,  RG-214/U/ 
RG-218/U,  cables,  their  equivalents  uti¬ 
lizing  polytetraf luoroethylene  and  sili¬ 
cone,  and  other  commonly  used  types  of  RF 
cables  was  conducted  to  determine  their 
high  frequency  power  performance  and  break¬ 
down.  Power  versus  frequency  curves  re¬ 
vealed  that  regardless  of  cable  size  or 
dielectric  the  power  handling  capability 
decreases  as  frequency  increases.  At 
high  frequency  continuous  wave  (CW)  power 
cables  using  polytetraf luoroethylene  ex¬ 
hibited  the  best  power  handling  capability. 
However  cables  with  polyethylene  surpassed 
those  with  poly tetraf luoroethylene  in 
handling  pulse  power. 

INTRODUCTION 

The  information  available  to  a  de¬ 
signer  of  high  frequency  power  systems 
concerning  the  ability  of  radio  frequency 
(RF)  cables  to  carry  high  power  at  high 
frequency  has  been  limited  to  assumptions 
based  on  historical  cases  of  similar  sys¬ 
tems.  Accurate  selection  of  the  most  suit¬ 
able  type  of  RF  cable  for  high  power  sys¬ 
tems  requires  information  on  the  factors 
that  affect  performance  in  the  transmission 
of  continuous  wave  (CW)  and  pulse  power. 

In  an  attempt  to  alleviate  this  situation 
an  experiment  was  designed  to  determine 
the  high  frequency  power  performance  and 
breakdown  of  RF  cables.  The  experiment 
was  done  by  the  Boeing  Company,  Wichita, 
Kansas,  under  Navy  Contract  N00  140-71-c- 
0003  and  this  paper  is  based  on  the  final 
report  of  this  contract.^ 

The  performance  of  RF  cables  under 
high  frequency  power  generally  depends  on 
the  fabrication  and  the  material  used  in 
the  basic  design,  which  consists  of  an 
inner  conductor,  a  dielectric  and  an  outer 
conductor.  The  power  handling  capabilities 
of  the  cable  depend  mainly  on  the  type  and 
quality  of  the  dielectric.  Polytetra- 
f luoroethylene,  polyethylene  and  silicone 
are  the  only  dielectrics  considered  in 
this  paper.  The  cable  breakdown  at  high 


frequency  is  a  function  of  the  thermal 
and  ionic  resistance  of  the  dielectric. 
Several  investigators2 ' 3 ' 4  have  made 
studies  of  these  two  properties  of 
dielectrics . 

BACKGROUND 

The  quality  of  uniformity  of  the 
cables  insulated  with  the  dielectrics  con¬ 
sidered  in  this  paper  may  be  degraded 
during  the  cable  fabrication  process 
whereby  an  amount  of  air  may  be  trapped 
between  the  conductors  and  the  dielectric 
of  the  cable.  Furthermore,  very  few 
extruded  dielectrics  are  completely  free 
of  air  voids.  The  size  and  shape  of  an 
air  void  in  a  dielectric  will  affect  the 
continuous  power  handling  capabilities  of 
the  cable.  Spherical  voids  will  with¬ 
stand  higher  voltages  than  voids  with  any 
other  geometry.^  The  geometry  of  the 
voids  controls  the  configuration  of  the 
electric  field  across  the  void.  The 
thermal  breakdown  of  the  cable  is  also 
influenced  by  the  size  and  configuration 
of  the  air  voids.  The  air  trapped  within 
the  cable  will  ionize  causing  corona  dis¬ 
charges  which  will  deteriorate  the  di¬ 
electric  and  eventually  result  in  a  cable 
failure.  The  failure  mechanism  can  be  of 
two  types:  treeing  or  puncture.  Treeing 
is  caused  by  ionization  of  the  gas  trapped 
in  the  small  voids  of  the  extruded  di¬ 
electric.  As  the  field  intensity  in  the 
cable  dielectric  is  increased  the  voltage 
gradient  across  the  gas  in  the  dielectric 
voids  is  increased  and  finally  the  gas  is 
ionized.  After  ionization  of  the  gas,  a 
portion  of  dielectric  breaks  down  and 
creates  a  conductive  path  between  the 
void  and  the  conductor.  This  may  not 
cause  a  complete  failure  of  the  cable  but 
will  degrade  the  dielectric,  shorten  the 
life  of  the  cable  and  reduce  its  power 
handling  capacity  considerably.  If  the 
treeing  is  severe  complete  failure  will 
occur.  Although  the  electric  field  is 
strongest  at  the  surface  of  the  inner 
conductor  of  a  coaxial  cable,  severe 
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EXPERIMENT 


ionization  has  been  reported  in  the  outer 
surface  of  its  dielectric.8  Treeing  may 
be  responsible  for  such  a  partial  failure. 
This  type  of  ionization  is  shown  in 
Figures  1,  2  &  3.  The  second  failure  mech¬ 
anism  is  the  puncture  mode  where  the  di¬ 
electric  is  completely  punctured  by  the 
bombardment  of  ions  from  the  ionized  gases 
trapped  between  the  conductors  and  the  di¬ 
electric.  Complete  puncture  of  the  cable 
dielectric  can  also  be  caused  by  the  com¬ 
bination  of  the  treeing  effect  and  erosion 
of  the  dielectric  due  to  ionic  bombardment. 
Figure  12  is  an  example  of  the  puncture 
failure.  Before  the  RF  power  failures 
occur  in  the  cable  there  are  other  detri¬ 
mental  effects  caused  by  the  ionization 
of  the  air  voids  in  the  cable.  Some  of 
these  effects  are  interference  due  to 
corona  discharges,  degradation  of  the  di¬ 
electric  strength  and  increase  in  the 
voltage  standing  wave  ratio  and  atten¬ 
uation  of  the  transmission  line.  The 
only  effect  considered  in  this  paper  is 
the  power  handling  capabilities  of  the 
cable  with  respect  to  frequency.  Several 
investigators8'7  have  studied  the  power 
handling  capabilities  of  RF  cables.  How¬ 
ever,  the  frequency  range  has  been  from 
60  Hz  to  a  few  KHz.  it  is  believed  that 
experimental  data  on  the  frequency  effect 
on  RF  cables  in  MHz  or  GHz  frequency 
range  is  not  available.  It  is  generally 
accepted  that  the  higher  the  frequency  of 
CW  the  lower  the  voltage  breakdown  and 
the  shorter  the  life  of  the  cable.  How¬ 
ever,  with  pulse  power,  according  to  J.  H. 
Mason8  the  number  of  discharges  in  an 
ionized  air  void  depends  on  the  voltage 
amplitude,  but  is  nearly  independent  of 
the  shape  and  duration  of  the  pulse,  be¬ 
cause  most  of  the  discharges  occur  in  the 
wave  front.  The  breakdown  strength  of  the 
dielectric  is  thus  independent  of  pulse 
duration  and  therefore  of  frequency. 

MATERIALS 

The  cables  used  in  this  investigation 
were  chosen  to  represent  a  cross-section 
of  the  commercially  available  radio  fre¬ 
quency  cables,  over  a  range  of  diameters. 
Small,  medium  and  large  diameter  cables 
were  represented  by  type  RG-58C/U,  RG-214/U 
and  RG-218/U,  respectively  and  their 
equivalents  employing  silicone  and  polyte- 
traf luoroethylene .  The  physical  proper¬ 
ties  of  th^ce  cables  are  shown  in  Table  1. 


Conduct  of  the  experiment  presented 
two  basic  problems  (1)  determination  of 
the  inner  conductor  temperature  while  the 
cable  is  energized,  and  (2)  application  of 
the  required  RF  power  to  the  input  of  the 
cable  under  test.  The  criterion  for  maxi¬ 
mum  power  handling  capability  of  the  cable 
is  based  on  the  maximum  allowable  surface 
temperature  of  the  cable  inner  conductor. 
Determination  of  the  inner  conductor  tem¬ 
perature  during  the  power  test  was  not 
feasible  so  an  analysis  was  undertaken 
both  theoretically  and  experimentally  to 
determine  the  thermal  characteristics  of 
each  cable.  The  temperature  of  the  inner 
conductor  was  determined  indirectly  by 
measuring  the  cable  jacket  temperature  and 
applying  the  heat  transfer  characteristics 
of  the  specific  cable  under  test  to  these 
measured  temperatures. 

Since  the  test  parameters,  such  as 
power  input,  ambient  temperature  and 
altitude  were  maintained  constant  until 
the  full  thermal  stabilization  of  the 
cable  was  realized  before  a  test  step  was 
considered  complete,  the  steady  state 
equations  describing  the  heat  transfer 
could  be  considered  applicable.  Utilizing 
these  equations,  a  theoretical  analysis  of 
the  thermal  characteristics  of  a  cable 
was  made  and  a  digital  computer  program 
was  written  to  calculate  the  temperature 
of  each  interfacing  layer  of  each  cable. 
These  temperatures  were  calculated  as  a 
function  of  ambient  temperature  and  pres¬ 
sure  (altitude)  for  the  chosen  limiting 
inner  conductor  temperatures. 

In  addition  to  the  aforementioned 
temperature  calculations,  experimental 
data  was  generated  both  to  increase  the 
level  of  confidence  in  the  mathematical 
model  and  to  make  refinements  to  the  cal¬ 
culations  where  limited  data  on  the 
thermal  and  radiation  parameters  was 
available  or  where  engineering  estimates 
had  to  be  made  to  perform  the  calculations. 

The  experimental  data  was  obtained  by 
energizing  a  specimen  or  a  model  of  each 
cable  with  a  known  direct  current  and 
observing  the  change  in  resistance  of  the 
inner  conductor  while  monitoring  the 
resultant  temperature  levels  with  thermo¬ 
couples  at  various  cable  material  inter- 


264 


PHYSICAL  PROPERTIES  OF  CABLES  TESTED 
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faces.  The  temperature  of  the  inner  con¬ 
ductor  was  calculated  from  the  resultant 
changes  of  inner  conductor  resistance. 
Measurements  were  made  at  multiple  ambient 
temperatures  and  altitudes.  The  inner 
conductor  maximum  temperature  limits  used 
for  polyethylene,  polytetraf luoroethylene 
and  silicone  insulated  cables  were  176°F, 
400°F  and  300°F,  respectively.  Further 
experimental  data  was  obtained  by  ener¬ 
gizing  the  cables  with  an  RF  signal.  The 
signal  level  was  increased  gradually,  with 
the  samples  mechanically  stressed  to  pro¬ 
duce  displacement  of  the  inner  conductor 
when  thermal  deterioration  of  the  di¬ 
electric  was  realized.  The  inner  conduc¬ 
tor  displacement  was  detected  with  a  time 
domain  ref lectometer .  The  information  was 
also  used  in  adjusting  the  computed  jacket 
temperatures  to  take  into  account  the 
thermal  contribution  due  to  the  dielectric 
and  outer  conductor  losses. 

Initial  planning  called  for  the  de¬ 
sign  and  fabrication  of  environmental 
chamber  RF  feedthroughs  having  electrical 
properties  commensurate  with  the  planned 
test  frequencies  and  anticipated  power 
levels.  The  feedthroughs  were  also 
intended  to  provide  thermal  isolation  of 
the  test  cables  from  the  chamber  walls  and 
from  the  external  environment.  A  more 
detailed  analysis,  however,  following  the 
final  determination  of  test  cable  types 
led  to  the  rather  definite  conclusion  that 
any  practical  feedthrough  which  incorpor¬ 
ated  a  connector  interface  with  the  test 
cable  would  be  susceptible  to  failure  at 
that  interface  prior  to  achieving  the 
power  limitation  of  the  test  cable,  or 
would  have  to  be  of  a  dimensional  config¬ 
uration  which  would  impose  upper  frequency 
limitations  substantially  below  the  upper 
frequency  rating  of  the  test  cable. 

Alternate  approaches  which  were  in¬ 
vestigated  identified  the  most  feasible 
method  as  being  the  use  of  the  actual  test 
cable  as  the  means  of  entry  and  exit  from 
the  environmental  chamber. 

Tests  were  conducted  on  a  variety  of 
cable  types  and  sizes  simulating  the  feed¬ 
through  section  of  the  test  cables  to 
determine  the  nature  of  the  "heat  sinking" 
effect  and  to  define  the  distance  within 
the  environmental  chamber  where  this 
effect  could  be  neglected.  These  tests 
were  conducted  by  artificially  (non-RF) 
heating  the  sample  center  conductor  and 


monitoring  center  conductor,  dielectric, 
outer  conductor  and  jacket  temperatures 
along  the  length  of  the  sample.  This  was 
accomplished  at  representative  temper¬ 
atures  and  altitudes  distributed  over  the 
intended  test  ranges.  The  actual  test 
cables  were  configured  to  a  length  which, 
in  addition  to  providing  chamber  entry  and 
exit,  resulted  in  the  desired  length  of 
cable  suspended  along  the  centerline  of 
the  chamber.  The  measured  input  power 
levels  were  then  corrected  to  compensate 
for  cable  loss  to  the  location  where 
"heat  sinking"  could  be  neglected. 

Another  problem  which  became  apparent 
early  in  the  program  was  that  the  output 
fittings  of  most  of  the  RF  power  sources 
were  waveguide  and  none  of  the  available 
waveguide  to  coaxial  adapters  -  -  even 
those  developed  for  high  power  Electronic 
Counter  Measure  (ECM)  systems  -  -  would 
withstand  the  anticipated  test  power 
levels.  The  solution  of  the  problem  was 
the  design  and  fabrication  of  special 
transitions  which  accommodated  the  test 
cable  entry  into  the  waveguide  without  the 
use  of  intervening  coaxial  connectors.  A 
series  of  these  transitions  was  developed 
in  the  waveguide  sizes  required  to  cover 
the  test  frequencies  and  was  used  to  ter¬ 
minate  the  test  cables  at  both  input  and 
output  (waveguide  loads)  ends.  The  tran¬ 
sitions  were  further  sophisticated  to  pro¬ 
vide  a  feature  wherein  the  coaxial  half  of 
the  transition  of  any  particular  cable 
would  "plug-in"  to  any  of  the  waveguide 
sizes  thereby  eliminating  the  need  to  dis¬ 
turb  the  cable  braid  terminating  mechanism 
when  changing  test  frequency.  The  reflec¬ 
tion  coefficients  of  the  transitions  were 
a  best  compromise  considering  all  of  the 
cable  sizes  and  in  most  cases  were  less 
than  1.5:1  VSWR  without  tuning.  For  a 
few  of  the  frequency-cable-size  combin¬ 
ations,  however,  waveguide  E-H  tuners  were 
used  to  reduce  VSWR.  To  further  enhance 
the  breakdown  withstanding  characteristics 
of  the  transitions  for  the  pulse  power 
testing  they  were  pressurized  to  approxi¬ 
mately  25  psig  using  Freon  12.  A  plot 
showing  the  relative  breakdown  values  for 
dry  air  and  Freon  12  versus  pressure  is 
shown  in  Figure  4. 

The  design  philosophy  for  the  transi¬ 
tions  was  merely  to  transfer  the  RF  energy 
from  the  waveguide  TEj_q  mode  to  the  coaxial 
TEM  mode  in  the  smoothest  possible  manner 
without  creating  any  areas  of  undue 
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voltage  concentration  in  the  process.  A 
configuration  commonly  referred  to  as  a 
"door  knob"  transition  backed  by  a  wave¬ 
guide  short  circuit  was  selected  and  opti¬ 
mized  for  reflection  coefficient  over  the 
range  of  frequencies  and  cable  sizes  of 
interest.  The  unique  feature  of  the  tran¬ 
sitions  is  that  the  cables  actually  "plug 
in"  to  the  waveguide,  with  the  cable  di¬ 
electric  engaging  the  surface  area  of  the 
door  knob  surrounding  the  cable  center 
conductor  contact.  A  typical  transition 
and  several  associated  cable  terminations 
are  shown  in  Figure  5.  A  typical  cutaway 
drawing  is  shown  in  Figure  6. 

Two  basic  types  of  RF  power  tests 
were  accomplished;  (1)  CW  tests  to  deter¬ 
mine  the  cables  power  handling  capability 
as  limited  by  heating  due  to  conductor  and 
dielectric  losses,  and  (2)  low  duty  cycle 
pulse  tests  to  determine  the  RF  voltage 
breakdown  capability  of  the  cables.  The 
testing  was  accomplished  at  several  fre¬ 
quencies  over  the  operating  range  of  the 
test  cables  to  provide  the  data  points 
which  were  the  basis  for  the  resultant 
power  capability  versus  frequency  curves. 
The  tests  were  repeated  at  sufficient  tem¬ 
perature  and  altitude  conditions  to  deter¬ 
mine  the  dependency  of  power  rating  on 
these  factors. 

The  tests  were  conducted  by  install¬ 
ing  the  test  cable  in  a  temperature- 
altitude  chamber  and  instrumenting  the 
length  of  the  cable  with  22  thermocouples. 
Thermocouple  spacing  was  every  six  inches 
starting  at  the  cable  input  for  the  first 
eight  feet  with  the  remaining  thermo¬ 
couples  distributed  uniformly  over  the 
remainder  of  the  cable.  Test  cables  were 
approximately  14  feet  in  length.  A  typical 
chamber  and  thermocouple  installation  is 
shown  in  Figure  7.  An  overall  view  of  a 
typical  test  is  shown  in  Figure  8.  Entry 
and  exit  from  the  test  chamber  was  accom¬ 
plished  by  means  of  the  test  cable  as 
previously  discussed.  Both  the  input  and 
output  ends  of  the  test  cable  were  termi¬ 
nated  in  specially  designed  cable-to- 
waveguide  transitions  which  were  in  turn 
connected  to  the  RF  power  source  or  a  high 
power  waveguide  termination  through  cali¬ 
brated  power  monitoring  directional 
couplers  and  power  meters.  Input  forward 
and  reflected  power,  output  forward  power, 
test  sample  thermocouple  readings  and  test 
chamber  temperature  and  pressure  were 
monitored  and  recorded  throughout  each 


test.  A  schematic  diagram  showing  a 
typical  test  setup  is  shown  in  Figure  9. 

The  detailed  test  sequence  consisted 
of  installing  and  instrumenting  the  test 
cable  in  the  test  chamber  and  establishing 
the  desired  chamber  altitude  and  tempera¬ 
ture  condition.  The  cable  was  then  allowed 
to  "soak"  under  these  conditions  until 
temperature  stabilization  at  the  desired 
temperature  was  accomplished.  The  chamber 
was  maintained  at  these  conditions  for  the 
remainder  of  the  test.  RF  power  was 
applied  to  the  input  of  the  test  cable  in 
small  increasing  steps  until  the  cable 
jacket  temperature  stabilized  at  the  pre¬ 
determined  limiting  temperature.  This 
process  was  then  repeated  for  all  scheduled 
temperature  and  altitude  conditions  and 
for  each  additional  test  frequency. 

The  CW  cables  were  visually  examined 
before  and  after  the  entire  test  sequence 
and  VSWR  and  Time  Domain  Ref lectometer 
tests  were  conducted  before  and  after  the 
power  tests  at  each  test  frequency  to 
check  for  cable  deterioration.  After  all 
testing  was  completed  on  a  particular 
sample,  segments  were  dissected  and  the 
dimensions  and  condition  of  cable  members 
were  determined  by  inspection  and  deterio¬ 
ration  or  changes  noted. 

RF  pulse  tests  were  conducted  on 
different  cable  samples  from  those  sub¬ 
jected  to  the  CW  tests.  The  pulse  test 
samples  were  visually  inspected  and  VSWR 
and  Corona  ignition  and  extinction  tests 
were  conducted  prior  to  applying  RF  power. 
The  actual  conduct  of  the  tests  was  very 
similar  to  the  CW  tests  except  that  jacket 
temperatures  were  monitored  for  information 
and  as  a  "not- to-be-exceeded "  parameter. 
Peak  power  was  increased  slowly  until  the 
sample  failed  by  dielectric  breakdown. 
Sections  of  cable  where  breakdown  occurred 
were  carefully  examined  and  conditions 
noted.  Sections  of  cable  which  were  not 
catastrophically  involved  in  the  breakdown 
were  inspected  to  ascertain  less  severe 
deterioration.  Photographs  of  cable 
sections  where  breakdown  occurred  are 
shown  in  Figures  10  through  14. 

RESULTS 

CW  Power  Tests 

Curves  of  CW  Power  Handling  capability 
versus  frequency  for  the  Teflon  and 
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Polyethylene  cable  types  tested  are  shown 
in  Figures  15  through  23.  These  curves 
have  been  derated  thirty  percent  below  the 
actual  test  data  points  to  accommodate  the 
effects  of  typical  system  installations 
(i.e.  bends,  clamps,  thermally  insulated 
sections,  etc.).  The  curves  are  plotted 
for  a  range  of  ambient  temperatures  and 
altitudes  which  correspond  generally  to 
the  practical  environmental  operating 
range  of  the  associated  cable.  Derating 
factors  to  account  for  VSWR  values  greater 
than  1.0  are  shown  in  Figure  31.  informa¬ 
tion  as  to  the  rating  of  a  cable  at  an 
intermediate  environment  may  be  determined 
by  interpolation  using  the  derating  curves 
for  altitude  and  ambient  temperature  given 
in  Figures  32,  33,  and  34. 

Examination  of  predicted  RF  perfor¬ 
mance  characteristics  of  the  selected 
silicone  cable  indicated  their  practical 
operating  frequency  range  to  be  confined 
to  rather  low  frequencies.  The  initial 
series  of  CW  tests  on  all  three  cable 
types  supported  the  accuracy  of  these  pre¬ 
dictions.  The  cables  become  extremely 
lossy  as  frequency  is  increased  above  the 
HF  range.  They  are  essentially  useless 
for  the  transmission  of  RF  energy  over 
most  of  the  frequency  range  covered  by 
this  program. 

A  detailed  examination  of  the  mate¬ 
rials  used  in  these  test  cables  revealed 
the  primary  contributor  to  loss  was,  the 
silicone  rubber  dielectric.  The  magnitude 
of  this  dielectric  loss  does  not  remain 
constant  versus  frequency  or  temperature 
nor  does  it  vary  in  a  manner  characteris¬ 
tic  of  most  microwave  dielectrics.  Con¬ 
tacts  with  the  cable  supplier  and  subse¬ 
quent  information  obtained  from  the  sili¬ 
cone  rubber  supplier  indicated  a  large 
dependency  on  RF  frequency  and  temperature. 
Depending  on  the  particular  compound  used, 
the  dielectric  loss  tangent  may  increase 
by  a  factor  of  5°  with  increasing  fre¬ 
quency  between  1  MHz  and  10  GHz  and  may 
decrease  by  a  similar  factor  with  in¬ 
creasing  temperature  from  25°C  to  200°C. 
Dielectric  constant  also  undergoes  a  sig¬ 
nificant  change  as  a  function  of  tempera¬ 
ture  with  the  result  that  cable  charac¬ 
teristic  impedance  is  temperature  sensitive. 
In  addition,  these  variables  are  inter¬ 
related  in  a  rather  complicated  manner 
and  for  a  particular  chemical  compound  are 
dependent  upon  the  exact  process  (cure 
temperature,  cure  time,  etc.)  used  during 


the  fabrication  of  the  cable. 

Attenuation  measurements  made  at  low 
power  levels  over  a  wide  frequency  range 
and  under  various  temperature  conditions 
confirmed  the  loss  peculiarities  as 
described  above  although  the  actual  high 
power  situation  wherein  a  variation  of 
dielectric  temperature  across  the  diameter 
of  the  dielectric  could  not  be  simulated. 
Plots  of  these  attenuation  measurements 
are  shown  in  Figures  24,  25,  and  26. 

A  second  series  of  high  power  tests 
was  conducted.  The  set  of  CW  power  rating 
curves  based  on  these  retests  are  shown  in 
Figures  27  through  29. 

Peak  Power  (Voltage  Breakdown)  Tests 

Pulse  power  tests  conducted  on  the 
ten  cable  types  over  the  frequency  and 
ambient  environment  ranges  used  for  the  CW 
tests  revealed  the  breakdown  power  levels 
to  be  generally  insensitive  to  frequency, 
to  ambient  temperature  and  to  altitude 
within  the  operating  ranges  of  the  cables. 
The  only  exception  was  the  Teflon  di¬ 
electric  cables  which  exhibited  a  marked 
decrease  in  breakdown  power  level  at 
higher  ambient  temperatures.  A  search  of 
available  literature^0  on  the  properties 
of  Teflon  revealed  that  (Polytetraf luoro- 
ethylene)  undergoes  a  significant  change 
(step  function  decrease)  in  dielectric 
strength  of  about  25  percent  as  tempera¬ 
ture  is  increased  above  approximately 
100°F.  These  relative  voltage  levels 
correspond  favorably  with  breakdown  power 
levels  experienced  on  RG-225/U  samples 
which  had  similar  corona  extinction 
voltage  levels  but  were  power  tested  at 
room  ambient  temperature  and  at  elevated 
temperatures . 

A  review  of  the  characteristics  of 
known  categories  of  electronic  systems 
which  might  be  expected  to  approach  the 
peak  power  ratings  of  the  Teflon  cables 
tested  revealed  that  average  power  heating 
would  raise  the  cable  center  conductor 
temperature  to  the  region  where  the  lower 
power  (higher  temperature)  rating  would 
apply.  For  this  reason  the  recommended 
maximum  peak  power  ratings  for  Teflon 
cables  are  with  respect  to  this  lower 
value . 

A  considerable  variation  in  corona 
extinction  voltage  was  noted  in  samples 
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taken  from  adjacent  locations  on  the  pro¬ 
cured  lengths  of  cable  -  the  largest 
variation  being  approximately  25  percent 
in  RG-225/U  samples.  The  RF  breakdown 
power  levels  for  samples  exhibiting  this 
difference  in  corona  extinction  values, 
varied  by  approximately  50  percent  -  the 
lower  corona  value  corresponding  to  the 
lower  breakdown  level. 


The  suggested  maximum  power  ratings 
provided  by  Figures  15  through  23,  27 
through  29,  and  by  Table  2  are  based  on  a 
VSWR  of  unity  and  on  the  temperature  and 
altitude  conditions  as  noted.  Corrections 
to  account  for  other  conditions  may  be 
determined  as  discussed  below. 


The  available  samples  of  RG-122/U 
(silicone  equivalent)  cable  possessed  a 
mechanical  condition  wherein  the  cable 
center  conductor  exhibited  periodic  "kinks" 
resulting  in  a  center  conductor  offset 
with  respect  to  the  centerline  of  the 
dielectric  approximately  every  six  to 
eight  inches  along  its  length.  The  offset 
was  approximately  equal  to  the  diameter  of 
the  center  conductor.  As  would  be  expected, 
RF  breakdown  occurred  at  these  points. 

The  breakdown  level  for  this  type  of  cable 
if  properly  constructed  would  undoubtedly 
be  higher  than  the  values  observed. 

Table  2  shows  the  derated  values  of  maxi¬ 
mum  power  level  suggested  for  the  ten 
cables  tested.  The  tabulated  values  were 
obtained  by  derating  the  actual  test  break¬ 
down  power  level  values  by  25  to  50  percent 
to  take  into  account  the  differences  be¬ 
tween  the  long  and  short  term  breakdown 
properties  of  the  dielectric  involved,  and 
the  variations  in  the  corona  extinction 
values  of  the  tested  samples  relative  to 
the  required  minimum  values  specified  in 
MIL-C-17D. 


TABLE  2 


Maximum  Recommended  Pulse  Power  Ratings 


Maximum  Recommended 
Peak  Power  (Watts  x 


Cable  Type 

106) 

vswr=: 

RG  58C/U 

.08 

RG  214/U 

.25 

RG  218/u 

2.50 

RG  180B/U 

.08 

RG  142B/U 

.30 

RG  225A/U 

.35 

RG  117A/U 

4.0 

RG  122/u 

.10 

Silicone 
RG  214/u 

Equivalent 

.20 

Silicone 
RG  296/u 

Equivalent 

3.0 

The  pulse  power  rating  of  a  cable 
based  on  a  1:1  VSWR  must  be  decreased  if 
a  higher  voltage  standing  wave  exists  on 
the  cable.  The  magnitude  of  this  necessary 
derating^can  be  determined  by  the  expres¬ 
sion  yswr  *  Figure  30  shows  percent 
derating  versus  VSWR  and  can  be  applied 
directly  to  the  ratings  given  in  Table  2. 


The  CW  power  rating  of  a  cable  is 
also  affected  by  voltage  standing  wave 
ratio,  or  rather  by  the  associated  power 
standing  wave.  in  this  case  the  relation 
is  more  complicated  since  it  involves  not 
only  the  magnitude  of  the  standing  wave 
but  also  the  thermal  characteristics  of 
the  cable  and  physical  spacing  between  the 
power  standing  wave  peaks.  For  solid 
dielectric  cables  of  the  types  considered 
by  this  paper  the  thermal  characteristics 
are  predominantly  determined  by  cable 
diameter.  The  spacing  between  power  maxi- 
mums  is  determined  by  frequency.  The 
magnitude  of  this  necessary  CW  derating 
can  be  calculated  from  the  expression 

- 2 - - — - - -  where  K  is 

(VSWR) ^  +  1  +  K  ( (VSWR) ^  -1) 


a  factor  which  considers  cable  character¬ 
istics  and  frequency.  Figure  31  shows 
percent  derating  versus  frequency  for  VSWR 
values  from  1.0  to  3.0  and  can  be  applied 
directly  to  the  curves  of  Figures  15 
through  23  and  .27  through  29. 


The  Pulse  power  ratings  of  Table  2 
are  based  entirely  on  voltage  breakdown 
limitations  whereas  the  CW  ratings  are 
determined  by  allowable  cable  temperature. 
Both  limitations  must  be  recognized  when 
choosing  a  cable  for  a  particular  appli¬ 
cation.  This  selection  can  be  accomplished 
quite  simply  by  first  determining  that  the 
operating  pulse  power  level,  properly 
derated  for  system  VSWR,  will  not  exceed 
the  value  for  the  cable  being  considered 
(Table  2) .  The  required  average  power 
level  is  then  determined  from  system  pulse 
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level  and  duty  cycle  and  checked  against 
the  candidate  cable  CW  rating  curve  which 
has  been  properly  derated  for  system  VSWR 
and  operating  environment. 

The  Pulse  power  test  results  indicate 
the  RF  voltage  breakdown  capability  of 
the  cable  types  tested  to  be  fairly 
insensitive  to  environmental  conditions 
with  the  exception  of  the  temperature 
dependency  of  polytetraf luoroethylene . 

This  obviously  is  not  true  in  the  case  of 
CW  or  average  power  handling.  Curves 
plotted  in  Figures  15  through  23  show  CW 
power  handling  ratings  for  nominal 
(sea_level  -  86°F)  and  limiting  environ¬ 
mental  conditions.  The  rating  for  any 
intermediate  environment  may  be  obtained 
by  referring  to  Figure  32  for  the  appro¬ 
priate  altitude  derating  factor  and  to 
Figures  33  or  34  for  the  proper  tempera¬ 
ture  modifying  factor.  These  corrections 
are  then  applied  to  the  sea  level  86°F 
power  rating  curve  (Figures  15  or  19)  for 
the  cable  type  under  consideration. 

It  is  believed  that  the  information 
contained  in  this  paper  facilitates  the 
selection  of  the  most  suitable  RF  cables 
for  high  frequency  power  systems  with 
greater  certainty.  However,  the  trans¬ 
mission  line  design  would  not  be  complete 
without  the  selection  of  the  appropriate 
connectors . 

Although  not  a  part  of  this  paper, 
it  should  be  recognized  that  the  connec¬ 
tors  required  in  a  practical  transmission 
line  installation  will  usually  impose  a 
peak  power  limit  and  may  impose  a  CW  limit 
significantly  below  that  of  the  associated 
cable.  To  complete  a  total  transmission 
system  design,  the  designer  must  have 
knowledge  of  the  power  handling  capability 
of  the  intended  connectors.  I  appeal  to 
those  interested  on  this  subject  to  make 
a  similar  investigation  to  determine  RF 
power  ratings  for  the  commonly  used 
connector  series. 
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'IG.  3  CLOSE  UP-RG-214/U,40X  DIELECTRIC,  INNER  EDGE  &  TREEING 


PIG.  1  RG-225/U-12X  GENERAL  VIEW,  PARTIAL  DIELECTRIC  BREAKDOWN 


Pressure  -  Atmospheres  Absolute 

VARIATION  OF  PEAK  POWER  RATING  WITH  ABSOLUTE  PRESSURE 
DRY  AIR  VERSUS  FREON  12 


FIGURE  4 


CONSTRUCTION  SKETCH  OF  HIGH  POWER 
WAVEGUIDE  TO  CABLE  TRANSITION 


HIGH  POWER  WAVEGUIDE  TO 
CABLE  TRANSITION 
FIGURE  5 
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MATCHING  \ 
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SHORT 


FIGURE  6 


PIG.  II  SILICONE  RG-58/U-40X(EQUIV)  CIOSE  UP  OP  CRATER 
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AVERAGE  ROWER  RATING  OF  SELECTED 
POLYETHYLENE  DIELECTRIC  CABLES 


iE  POWER  RATING  OF  RG214/U 


10,000 


AVERAGE  POWER  RATING  OF  SELECTED  TEFLON  DIELECTRIC  CABLES 


10,000 


AVERAGE  POWER  RATING  FOR  RG225A/U 


1000 


AVERAGE  POWER  RATING  OF  RG117A/U  FREQUENCY  IN  MHz 


FREQUENCY  IN  GHz 


0  . 1 


1.0 


AVERAGE  POWER  RATING  OF  BIW-7870-C-G24 
FIGURE  27 


FREQUENCY  IN  GHz 

AVERAGE  POWER  RATINGS  OF  RG  296/U 


FIGURE  29 


PERCENT  CORRECTION 


VSWR  CORRECTION  -  AVERAGE  POWER 
FIGURE  31 


PRESSURE  ALTITUDE  CORRECTION 
FIGURE  32 
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Percent  Correction 
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the  effect  of  lightning  arcing  currents  on  telephone  cables 

Earl  L.  Fisher,  Edwin  C.  Kelch  and  Wayne  F.  Bishop* 
Rural  Electrification  Administration 
Washington,  D.  C.  20250 


Abstract 

Data  are  presented  on  the  effects  of  light¬ 
ning  currents  arcing  to  various  types  and 
combinations  of  metal  when  applied  as  shield 
materials  in  telephone  cables.  These  currents 
(18  to  83  kA  in  magnitude)  were  applied  as  arcs 
to  the  shields  of  cable  samples  approximately 
two  feet  in  length.  The  samples  were  then 
inspected  to  determine  the  amount  of  damage  done 
to  the  cables  either  electrically  or  physically. 
Some  currents  were  applied  to  samples  both  in 
air  and  in  sand  to  simulate  field  conditions. 

The  shield  metals  included  copper,  aluminum, 
stainless  steel,  low  carbon  steel  and  combina¬ 
tions  of  these  metals.  These  tests  were  con¬ 
ducted  in  the  continuing  program  by  the  Rural 
Electrification  Administration  to  develop  an 
all-purpose  shield  for  telephone  cables . 

Samples  tested  in  sand  with  the  outer  jacket 
removed  exhibited  much  less  core  damage  than  did 
samples  with  polyethylene  outer  jackets. 


Introduction 

Over  the  past  several  years,  REA  with  the 
cooperation  of  cable  manufacturers,  has  sought 
to  develop  a  cable  structure  in  which  the  metal 
shield  would  be  (1  )  capable  of  providing  com¬ 
plete  moisture  exclusion,  (2)  acceptable  from  a 
corrosion  standpoint  in  direct  contact  with  the 
earth,  and  (3)  adequate  from  the  standpoint  of 
electrical  conductivity  for  protection  purposes. 
The  studies  by  REA  have  been  primarily  concerned 
with  buried  type  cables.  This  paper  is  concerned 
with  the  effects  of  lightning  arcs  to  the  shields 
of  buried  cables  from  nearby  stroke  points.  The 
purpose  of  these  studies  was  to  determine  what 
metal(s)  or  combination  of  metals  provide  the 
best  resistance  to  electrical  and/or  physical 
damage  to  the  cables,  especially  damage  to  the 
cable  conductors. 


Background 

Until  recently,  REA  has  advocated  the  use 
of  copper  or  copper-clad  metals  for  the  shield¬ 
ing  of  underground  and  direct  burial  telephone 
cables.  These  metals  are  highly  desirable  from 
standpoints  of  corrosion  and  conductivity.  The 
conductivity  of  5-mil  copper  approximates  that 
of  8-mil  aluminum  used  in  aerial  cables,  and 
both  are  acceptable  from  this  standpoint.  To 
date,  the  bare  aluminum  shield  has  been 


^Deceased  as  of  June  1,  1971 


unacceptable  for  use  underground  because  of 
corrosion  considerations.  REA,  in  conjunction 
with  the  National  Bureau  of  Standards  is  cur¬ 
rently  conducting  corrosion  tests  on  a  number  of 
metals  as  possible  alternate  cable  shields  to  the 
bare  aluminum.  It  now  appears,  based  on  the  most 
recent  test  data,  that  a  coated  aluminum  shield 
is  satisfactory  for  underground  and  direct 
burial  use  where  soil  resistivities  are  suffi¬ 
ciently  high,  that  is,  2500  ohm-cm  and  greater. 

A  1 0-mil  copper  shield  has  been  specified 
by  REA  in  areas  of  the  country  where  gopher 
attack  is  probable.  Several  years  ago  an 
additional  gopher -resistant  shield  was  intro¬ 
duced  in  the  REA  cable  specifications.  This 
shield  utilizes  2  mils  of  stainless  steel  bonded 
to  h  mils  of  copper.  The  copper  is  evenly 
divided,  with  2  mils  on  each  side  of  the  steel. 
This  has  proven  to  be  a  satisfactory  shield  from 
all  aspects.  This  shield  competes  economically 
with  the  10-mil  copper  and  shows  a  6-mil  saving 
of  the  red  metal.  However,  REA  has  been  working 
to  eliminate  the  copper  completely,  because  of 
its  unstable  price  and  supply.  A  shield  has 
been  evaluated  for  gopher  protection  which  con¬ 
sists  of  3  mils  of  Type  30h  stainless  steel 
bonded  to  6  mils  of  aluminum.  The  stainless 
steel  provides  the  gopher  and  corrosion  protec¬ 
tion  with  the  aluminum  providing  the 
conductivity. 

An  earlier  study  was  made  on  the  effects  of 
lightning  surge  currents  carried  by  shields  of 
telephone  cables1 .  In  that  study,  surge 
cur rents  were  applied  directly  (without  an  arc) 
to  the  metallic  shield  of  long  lengths  of  cable 
and  the  difference  in  voltage  between  conductors 
and  shield  was  measured.  It  was  concluded  that 
some  advantage  was  gained  by  using  magnetic 
materials.  These  tests  along  with  corrosion 
tests  are  steps  in  the  continuing  effort  by  REA 
to  arrive  at  an  optimum  cable  shield  design  at  a 
low  cost. 


Test  Procedure 

These  tests  were  conducted  on  samples  of 
buried  cables  approximately  two  feet  in  length. 
A  typical  buried  cable  construction  is  shown  in 
Figure  1  .  A  lightning  arc  was  made  to  occur 
between  an  electrode  external  to  the  cable,  and 


1  "Lightning  Shielding  of  Plastic  Telephone 
Cable”  by  Fisher,  Bishop  and  Robinson  of  REA 
1  968  International  Wire  and  Cable  Symposium, 
Atlantic  City,  New  Jersey,  December  5,  1968. 
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the  cable  shield.  Some  of  the  tests  were  con¬ 
ducted  in  air  and  some  in  a  sand  box  improvised 
to  simulate  field  conditions.  All  of  the  cable 
conductors  were  connected  together  at  one  end 
and  bonded  to  the  shield(s)  and  ground.  In 
cable  samples  having  an  outer  jacket,  a  current 
surge  was  arced  to  the  shield  from  an  external 
electrode  through  a  small  hole  made  in  the  outer 
jacket  approximately  1-1/2  feet  from  the  grounded 
end  of  the  samples.  The  breakdown  was  then 
accomplished  at  a  relatively  low  voltage  (7.7  kV 
to  1  8  kV)  by  placing  the  electrode  against  the 
jacket  perforation  when  the  samples  were  tested 
in  air.  In  this  Instance,  the  small  hole  in  the 
jacket  was  filled  with  metal  filings.  When  tested 
in  the  sand  box,  the  sand  in  the  area  of  the 
imperfection  was  saturated  with  water.  Surge 
current  arcs  ranging  from  18  kA  to  83  kA  were 
applied  to  the  samples  using  a  1  70  pF  generator. 
(Lightning  surge  currents  to  earth  average  30  kA.) 
The  test  circuit  is  shown  in  Figures  2A  and  2B. 
Figure  3  is  a  typical  current  wave.  A  cathode 
ray  oscilloscope  (CRO)  was  used  to  obtain  data 
for  calibration  curves  between  applied  potential 
and  current,  for  the  different  series  controlling 
resistances.  These  curves  were  then  used  to 
determine  voltages  needed  to  produce  various 
surge  currents,  using  a  number  of  current  con¬ 
trolling  resistors. 

In  addition  to  the  tests  performed  on 
jacketed  samples,  tests  were  also  conducted  on 
samples  from  which  the  outer  jacket  had  been 
removed.  In  these  tests  the  discharge  electrode 
was  placed  approximately  U  inches  from  the  sample 
in  wet  sand  and  a  weight  was  placed  on  the  sand 
to  simulate  compacted  soil.  The  test  circuit  was 
then  discharged  through  the  sand  to  the  bare 
shield.  All  other  test  conditions  were  identical 
to  the  conditions  for  the  jacketed  cables. 

The  cable  samples  tested  were  as  follows, 

•with  the  letter  designations  in  the  order  that 
the  elements  of  the  cables  appear  reading  out 
from  the  core. 


to  see  what  damage,  if  any,  occurred  to  the 
shield  material  itself. 

Tables  1  through  3  list  the  surge  currents 
for  each  sample  tested,  the  test  medium,  and  the 
Inner  jacket  and  conductor  damage  noted. 


Results 

After  testing,  the  samples  were  inspected 
for  physical  damage  to  the  outer  jacket  and  for 
deformation  of  the  sample  as  a  whole.  The  outer 
jacket  was  then  removed  and  the  shield  damage 
determined.  The  last  step  was  to  inspect  the 
inner  jacket,  where  applicable,  and  conductors 
to  determine  the  amount  of  damage  to  the  core  at 
various  applied  surge  currents. 

The  outer  jackets  of  the  sairple  cables 
exhibited  a  range  of  damage  varying  from  a  slight 
enlargement  of  the  original  imperfection  to  a 
blowout  of  the  jacket  and  shield  (Photograph  No. 

1  ) .  The  shield  damage  varied  from  an  evaporation 
of  the  outer  copper  layer  on  the  PCSSCP  shield  to 
a  complete  electrical  discontinuity  in  one  of  the 
PAP  cables.  All  of  the  copper  and  aluminum 
shielded  cables  had  holes  burned  in  the  metal  at 
all  surge  currents.  Photograph  No.  2  illustrates 
this  type  of  damage.  This  was  not  true  of  the 
shields  containing  steel  or  stainless  steel 
(Photograph  No.  3).  Only  at  the  higher  currents 
(70  kA  and  above)  were  any  of  these  shields  burned 
through . 

As  a  matter  of  interest,  the  cable  samples 
with  the  stainless  steel-aluminum  laminate  were 
inspected  to  determine  core  damage.  Although 
this  construction  effectively  contained  two  inner 
jackets,  the  conductors  were  damaged  in  the  same 
manner  as  the  other  samples.  This  evidence  along 
with  Tables  1  through  3  indicate  that  discharge 
of  lightning  surge  currents  through  the  outer 
jacket  can  cause  substantial  damage  to  the  con¬ 
ductors  in  the  core  of  the  cable. 


Cable  Designation  Shield  Construction 
AP  Aluminum,  8-mil 

PAP  Aluminum,  8-mil  bonded  to 

outer  jacket 

PCP  Copper,  5-mil 

APFSP  Aluminum,  8-mil;  tern 

plated  low  carbon  steel, 
6-mil,  flooded  with  poly¬ 
ethylene  grease. 

PCSSCP  Copper-clad  (U30)  stainless 

steel,  6-mil  (2+2+2) 


In  addition  to  the  above,  cables  incorpo¬ 
rating  a  shield  using  3-mil  Type  30U  stainless 
steel  and  6-mil  aluminum  (previously  mentioned 
as  gopher -resistant)  were  tested.  The  size, 
gauge  and  core  construction  were  not  comparable 
to  any  of  the  above  cables.  This  shield  had  been 
corrugated  and  placed  over  a  standard  buried 
cable  and  a  third  jacket  placed  over  the  outer 
shield.  Tests  on  this  sample  were  intended  only 


Table  1  shows  that,  as  might  be  expected, 
conductor  and  shield  damage  is  roughly  propor¬ 
tional  to  the  amount  of  surge  current.  These 
tests  did  not  disclose  consistent  differences  in 
conductor  damage  for  the  various  shield  mate¬ 
rials  with  comparable  arcing  currents. 

Table  2  again  shows  that  damage  is  propor¬ 
tional  to  current.  A  comparison  indicates  that 
within  the  range  of  materials  and  dimensions 
tested,  none  of  these  structures  was  signif¬ 
icantly  effective  in  preventing  conductor  damage. 

Damage  to  the  conductors  in  cables  tested 
with  the  outer  jacket  removed  (Table  3)  was  68  to 
96  percent  less  than  when  the  arc  took  place 
through  the  jacket.  Also  when  the  arcing  is  dis¬ 
tributed  over  a  wider  section  of  shield  (as  in 
these  tests)  a  beneficial  effect  in  the  use  of 
the  APFSP  shield  is  Indicated. 
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The  sample  with  the  stainless  steel-alumi¬ 
num  laminate,  tested  with  the  outer  jacket 
removed  showed  approximately  one -third  the 
damage  compared  to  identical  samples  tested  with 
the  jacket  in  place. 


Conclusions 

It  is  concluded  that  standard  present  day 
cables  exhibit  extensive  damage  including 
numerous  conductor  shiners  when  subjected  to  high 
surge  arcing  currents  through  the  outer  jacket. 
Core  damage  as  severe  as  that  observed  would  put 
most  of  the  cable  out  of  service.  It  has  been 


shown  in  the  past  that  cables  with  a  high 
incidence  of  shiners  develop  trouble  rapidly  due 
to  the  presence  of  central  office  battery  com¬ 
bined  with  the  ingress  of  moisture.  It  appears, 
based  on  the  limited  testing  done  on  the  jacket¬ 
less  samples,  that  a  cable  with  a  metallic  shield 
directly  in  contact  with  the  earth  has  an  appre¬ 
ciable  advantage  over  a  polyethylene  jacketed 
cable  with  respect  to  conductor  damage.  REA  is 
interested  in  a  cable  design  such  as  this;  i.e., 
a  corrosion-resistant  coirposite  shield  sealed  to 
provide  an  envelope  impervious  to  moisture  and 
having  electrical  conductivity  equivalent  to  the 
present  5-mil  copper  shield. 


Edwin  C.  Kelch  has  been  appointed  Chief,  Outside  Plant  Branch, 
Telephone  Operations  and  Standards  Division.  He  succeeds  Gerald  A. 
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In  his  nev.7  assignment,  Mr.  Kelch  will  direct  the  activities  of  an 
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data  relating  to  outside  plant  facilities,  equipment  and  materials. 
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TABL51 


JACKETED  CABLE  SAMPLES  TESTED  IN  AIR 

_ DAMAGE  NOTED _ 

AMOUNT  OF  NUMBER  OF  CON- 


TYPE  OF 

CABLE 

SURGE  CURRENT 

INNER  JACKET 

DUCTOR  SHINERS 

12  pr., 

2h  gauge 

AP 

18.3 

1 

n 

II 

ii 

30.0 

- 

1 

it 

II 

ir 

50.0 

- 

3 

ii 

It 

ii 

70.0 

- 

3 

12  pr.,  2k  gauge  PAP 

30.0 

Indented 

o 

c 

it  ii  ii 

50.0 

1  Pinhole 

•;) 

ii  ii  it 

70.0 

3  Pinholes 

)i 

12  pr.,  2ii  gauge  PCP 

Uo.o 

Surface 

Deformed 

0 

it  ii  it 

83.0 

1  Pinhole 

5 

1?  nr.,  2k  gauge  APFSP 

5o.o 

Indented 

1 

n‘  ii  "  n 

70.0 

Indented 

6 

n  it  n 

83.0 

Indented 

9 

TABLE  2 

JACKETED  CABLE  SAMPLES  TESTED  IN  SAND 

DAMAGE  NOTED 

AMOUNT  OF 

NUMBER  OF  C01 

TYPE  OF  CABLE 

SURGE  CURRENT 

INNER  JACKET 

DUCTOR  SHINE f 

12  pr.,  2h 

gauge 

AP 

30.0 

5 

12  pr.,  21* 

gauge 

PAP 

30.0 

Indented 

0 

ii 

ii 

it 

50.0 

One  V  Hole 

11 

ii 

IT 

it 

70.0 

Two  hn  Holes 

16 

12  pr.,  2i*  gauge  PCP 

l*o.o 

Surface 

Deformation 

11 

n  n  it 

70.0 

1  Pinhole 

17 

ii  it  ii 

83.0 

1  Pinhole 

11 

25  pr., 

22 

gauge 

PCP 

30.0 

Indented 

11 

IT 

it 

ii 

5o.o 

Indented 

12 

12  pr., 

2h 

gauge 

PCSSCP 

18.3 

Indented 

h 

n 

it 

II 

27.5 

Indented 

12 

it 

it 

It 

29.5 

Indented 

6 

n 

it 

II 

1*0.0 

Indented 

16 

n 

ii 

II 

5o.o 

Indented 

15 

ii 

it 

II 

60.0- 

V  x  1/16"  Hole 

19 

25  pr., 

21* 

gauge 

PCSSCP 

30.0 

Indented 

9 

n 

II 

50.0 

Indented 

25 

12  pr., 

2l* 

gauge 

APFSP 

70.0 

Indented 

17 

It 

n 

it 

78.0 

Indented 

13 
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TABLE  3 


UNJACKETED  CABLE  SAMPLES  TESTED  IN  SAND 


DAMAGE  NOTED _ 

NUMBER  OF  CON- 


TYPE  OF  CABLE 

SURGE  CURRENT 

INNER  JACKET 

DUCTOR  SHINERS 

12  pr.,  2h  gauge 

PCP 

70.0 

Surface 

Deformation 

2 

25  pr.,  22  gauge 

PCP 

5o.o 

Surface 

Crazing 

3 

12  pr.,  2h  gauge 

PCSSCP* 

60.0 

Indented 

6 

25  pr.,  22  gauge 

FCSSCP* 

5o.o 

Indented 

1 

12  pr. ,  2h  gauge 

APFSP** 

70.0 

Indented 

0 

*Single  shield  -  copper-clad  stainless  steel 
■iHs-Two  shields  -  (l)  aluminum 

(2)  flooded  steel 


Fig.  I 

TYPICAL  DIRECT  BURIAL  CABLE 


POLYETHYLENE  OUTER  JACKET  CORE  WRAP 

CORRUGATED  SHIELD 


INSULATED  CONDUCTORS 


POLYETHYLENE  INNER  JACKET 


290 


TEST  CIRCUIT  FOR  ARCING  CURRENT 
TO  SAMPLE  IN  AIR 

X  HEAVY  SMALL  HOLE 

FIXED  FILLED  WITH 


TEST  CIRCUIT  FOR  ARCING  CURRENT 
TO  SAMPLE  IN  SAND 


Fig.RB 
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ARCING  CURRENT- AMPS. 


TYPICAL  ARCING  CURRENT  WAVE 
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LIGHTNING  INDUCED  CURRENT  SURGES  ON  A  BURIED 
MULTICOAXIAL  CABLE  SYSTEM 

by 

D.  A.  Douglass 

Bell  Laboratories 
Murray  Hill,  New  Jersey 


Abstract 

Lightning  flashes  to  the  shield  of  a  buried 
multicoaxial  cable  induce  current  surges  on  the 
enclosed  coaxial  conductors.  A  distributed  source 
transmission  line  model  quantitively  relates  these 
current  surges  to  the  lightning  current.  Published 
statistical  data  on  lightning  currents  is  then  used 
to  predict  the  magnitude  and  frequency  of  the  in¬ 
duced  current  surges  on  coaxial  conductors. 

Introduction 

The  latest  broadband  coaxial  transmission 
system  proposed  by  the  Bell  System  is  called  the 
L-5  Carrier  System.  When  fully  loaded,  it  pro¬ 
vides  90,000  two-way  message  channels.  A  field 
trial  is  presently  underway  and  initial  service 
is  planned  for  1973.  Because  of  its  extremely 
high  capacity,  the  reliability  requirements  are 
severe.  This  paper  deals  with  the  problem  of 
predicting  the  magnitude  and  frequency  of  occur¬ 
rence  of  lightning -induced  current  surges  that  the 
L-5  equipment  must  survive. 

The  bulk*  of  the  proposed  L-5  carrier 
system  will  be  made  up  of  buried  "CLOAX"1 
(corrugated,  laminated  coaxials)  multicoaxial 
cable  terminated  at  7 5 -mile  intervals  by  dc 
power  converters,  with  repeaters  spaced  approxi¬ 
mately  every  mile  in  between.  The  CLOAX  cable 
contains  twenty -two  0.375  inch  dia.  coaxial  tubes 
arranged  in  an  inner  layer  of  eight  and  a  surround¬ 
ing  layer  of  fourteen  (see  Figure  1).  The  coaxials 
consist  of  an  inner  conductor  of  copper  wire  held 
in  the  center  of  an  outer  coaxial  by  plastic  disks 


*Some  sections  will  be  shorter  than  75  miles. 


Figure  1.  CLOAX  multicoaxial  cable.  The  cable 
pictured  here  has  only  12  tubes  in  the  outer  layer. 
The  more  recent  version  considered  in  the  text  is 
identical  except  for  the  addition  of  two  tubes  in 
place  of  interstitial  pairs  in  the  outer  layer. 
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spaced  one  inch  apart.  The  outer  coaxial  conduc¬ 
tor  is  a  new  corrugated  copper -steel  laminate. 

The  outer  ring  of  coaxial  conductors  is  surrounded 
by  a  layer  of  paper,  a  7 5 -mil  layer  of  polyethylene, 
another  layer  of  paper,  a  110 -mil  layer  of  lead, 
and  a  75-mil  outer  jacket  of  black  polyethylene. 

At  each  repeater  manhole  (1-mile  spacing), 
and  at  the  power  converters  (75-mile  spacing),  all 
of  the  coaxial  outer  conductors  are  bonded  to  the 
lead  shield  and  to  local  ground.  The  power -input 
voltage  to  the  repeaters  is  regulated  by  the  voltage 
across  a  reverse  biased  18-volt  avalanche  diode, 
in  series  with  each  center  conductor  at  every  re¬ 
peater  manhole.*  Because  the  diode  does  not  de¬ 
velop  high  voltages  at  high  currents,  it  is  not  pos¬ 
sible  to  use  parallel,  voltage -operated  protection 
for  the  diode.  Placing  a  fuse  or  current-limiting 
device  in  series  with  the  diode  is  equally  unac¬ 
ceptable  because  of  the  high  reliability  require¬ 
ments  of  the  L-5  system.  Thus,  the  diode  must  be 
designed  to  conduct  lightning-induced  surge  cur¬ 
rents  without  damage. 

It  is  the  purpose  of  this  paper  to  predict  the 
magnitude  and  frequency  of  lightning  induced  cur¬ 
rents  on  the  coaxial  center  conductors  of  the  L-5 
system.  In  a  more  general  sense,  however,  the 
methods  employed  here  allow  lightning  protection 
to  become  a  consideration  in  the  initial  design  of 
buried,  multicoaxial  cable  systems.  Proposed 
changes  in  cable  sheath  or  coaxial  conductor  de¬ 
sign,  for  instance,  may  be  exaluated  in  terms  of 
predicted  lightning  damage  rates  early  in  the  de¬ 
sign  process.  Thus  although  we  shall  consider 
only  the  L-5  system,  the  general  method  allows 
lightning  protection  to  become  a  design  consider¬ 
ation  rather  than  a  remedial  measure  after 
installation. 

Coaxial  Center  Conductor  Current  as  a 
Function  of  Lightning  Flash  Current 

This  section  relates  the  coaxial  center  con¬ 
ductor  current  to  a  general  lightning  flash  current. 

*The  dc  current  flowing  in  the  reverse  biased 
zener  diodes  is  »125  mA.  In  half  of  the  coaxial 
center  conductors  this  current  flows  one  way, 
and  in  the  rest,  the  opposite  way. 


A  75-mile  section  of  the  L-5  system  is 
shown  schematically  in  Figure  2.  A  direct  light¬ 
ning  flash  is  assumed  to  have  contacted  the  lead 
shield  at  x  =  0.  The  possibility  of  a  short  (caused 
by  lightning  crushing)  between  inner  and  outer  co¬ 
axial  conductors  is  indicated  by  the  switch  also  at 
x  =  0. 


Figure  2.  Schematic  Diagram  of  a  75-mile 
section  of  the  L-5  cable  system. 

Z.  TC  =  main  station  impedance  to  remote  earth 
Mo 

Z  =  main  station  power  converter  impedance 
from  coax  center  conductor  to  local 
station  ground 

Iq  (t)  =  Lightning  Flash  Current 

The  impedance  of  each  manhole  to  remote 
earth  is  assumed  much  larger  than  the  power  con¬ 
verter  impedance  to  remote  earth  and  is  neglected. 
This  is  a  conservative  assumption  since  a  finite 
manhole  resistance  would  result  in  a  lesser  in¬ 
duced  center -conductor  current. 

The  periodically  shorted  lead  shield -coaxial 
outer  conductor  may  be  modelled  as  a  laminated 
shield,  and  transmission  line  effects  within  the 
laminated  shield  may  be  neglected  for  wavelengths 
»1  mile.  The  transmission  line  model  can  thus 
be  considerably  simplified  (as  shown  in  Figure  3) 
since  the  frequency  spectra  of  the  lightning- 
induced  current  and  voltage  in  this  laminated 
shield  consists  primarily  of  frequencies  below 
20  KHz  (wavelengths  s  3  miles). 
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Figure  3.  Simplified  coupled  transmission  line 
model  of  a  75-mile  section  of  the  L-5  cable 
system. 


The  transfer  impedance  of  the  laminated 
shield  (ZT)  is  measured  as  shown  in  Figure  4. 

Note  that  the  measurement  was  made  on  a  150- 
foot  length  of  CLOAX  cable  (ZT  is  specified  in 
ohms  per  unit  length)  and  that  the  magnitude  of 
ZT  is  down  two  orders  of  magnitude  from  its  dc 
value  at  25  kHz.  Thus,  any  resonance  phenomena 
in  the  laminated  shield  at  these  higher  frequencies 
will  not  significantly  alter  our  predictions  of 
lightning -induced  currents  made  neglecting  such 
resonances. 


Considering  the  simplified  coupled  transmis¬ 
sion  lines  of  Figure  3,  suitable  equations  may  be 
derived  in  a  straightforward  manner  (see  Appendix 
I).  The  equations  relating  the  center  conductor 
current  and  the  shield-earth  (with  an  assumed  ex¬ 
ponential  time  variation)  are: 
o 

d  i  (co,x)  o 

- “2 - =  rQ  (w)  -  Zrp(co)Yo(u))ig^-(a),x) 

dx 

(A) 


d  icTT^jX) 


w  =  angular  frequency  in  radians 


FREQUENCY  (HERTZ) 

10  I02  I03  I04  I05 


10  I02  I03  iO4  I05 


FREQUENCY  (HERTZ) 


iQ(x)  =  coax  center  conductor  current  [amperes] 

i  (x)  s  current  in  shield-earth  circuit  [amperes]  Figure  4.  Experimental  arrangement  and  re- 

sultant  estimate  of  transfer  impedance  measure- 
r  =  propagation  constant  of  0.375"  coax  trans-  ment  for  CLOAX  cable.  Zrp  shown  is  for  a  tube 

mission  circuit  [meter  ^]  ^  the  outer  layer.  I  Zrp  I  for  a  tube  in  the  inner 

layer  is  less  than  that  plotted  at  all  frequencies. 

Y  =  admittance  per  meter  of  0.375"  coax 
o 

transmission  circuit  [mhos/meter] 


ygjj  =  propagation  constant  of  shield -earth  trans¬ 
mission  circuit  [meter-1] 

Ygn  =  admittance  per  meter  of  shield-earth 
transmission  circuit  [mhos/meter] 

ZT  =  transfer  impedance  of  laminated  shield, 
[ohms/meter] 


The  boundary  conditions  applied  to  the  75- 
mile  coupled  transmission  line  are  as  follows. 

The  coax  center  conductor -composite  shield  line 
is  terminated  in  the  power  converter  input  imped¬ 
ance*  (see  Figure  5).  The  composite  shield -earth 


Generally,  |iQ(x)  |  «  |igH(x)  |  and  ZT(w)YgH(w)< 
ygn(w),  so  the  second  terra  on  the  right  side  of 
Equation  (B)  is  negligible. 


♦This  assumes  that  the  coax  dielectric  strength  is 
sufficient  to  prevent  shorts  between  the  stroke 
point  and  the  converter. 
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PHASE  OF  TRANSFER  IMPEDANCE  [DEGREES] 


Figure  5.  Low  frequency  equivalent  circuit  for 
main  station  power  converter  and  separation 
filter  impedance. 


line  is  terminated  at  each  main  station  by  the  main 
station  impedance  to  ground  (zMg)  which  is  as¬ 
sumed  to  be  10£2. 

In  order  to  calculate  the  surge  current  in  the 
coax  center  conductor,  we  must  recognize  two  dis¬ 
tinct  situations  in  which  a  lightning  flash  to  the 
cable  shield  can  induce  current  through  the  diodes: 

Case  1  —  There  is  a  lightning  flash  to  the  cable 
shield  at  a  point  between  the  main 
stations,  but  the  cable  is  not  damaged. 

Case  2  —  There  is  a  lightning  flash  to  the  cable 
shield  at  a  point  between  the  main 
stations  and  the  coaxial  tube  under 
consideration  is  shorted  at  that  point. 

In  Figure  3,  the  switch  normally  open  (for 
Case  1)  may  be  closed  for  Case  2.  In  Appendix  I, 
solutions  for  diode  current  are  found  for  Cases  1 
and  2. 

For  both  Case  1  and  Case  2,  the  center  con¬ 
ductor  current  is  found  to  depend  on  the  lightning 
flash  current  waveshape,  the  distance  of  the  flash 
point  from  a  main  station,  and  the  distance  of  the 


measuring  point  from  the  flash  point,  and  on  the 
cable  parameters  and  terminations. 

For  Case  2  (inner  and  outer  coaxial  conduc¬ 
tors  shorted),  we  have  assumed  that  only  one  tube 
is  shorted  and  that  this  tube  is  shorted  for  the 
whole  duration  of  the  lightning  flash  current.  By 
eliminating  the  nonlinear  switch  of  Figure  2,  we 
enormously  simplify  calculations  with  the  result 
that  our  estimate  of  center  conductor  current  is 
again  somewhat  high.  To  assume  that  only  one 
tube  is  shorted  is  also  conservative,  since  if  more 
than  one  tube  were  shorted,  the  center  conductor 
current  would  be  lessened  by  the  increased  paral¬ 
lel  conductivity  of  the  other  center  conductors. 

The  particular  cable  parameters  used  in 
calculations  of  coaxial  center  conductor  surge  cur¬ 
rent  are  described  in  Appendix  II. 

We  have  related  the  coax  center  conductor 
current  to  a  general  lightning  flash  current.  In 
the  next  section,  we  shall  specify  the  lightning 
current. 

Lightning  Flash  Current 

The  current  due  to  a  lightning  flash  to  earth 
(and  including  those  which  arc  to  the  L-5  cable) 
may  consist  of  some  one  to  twenty -six  separate 
current  peaks  corresponding  to  repeated  ioniza¬ 
tions  of  the  same  flash  channel.  Each  of  these 
current  peaks  (referred  to  hereafter  as  "strokes") 
is  followed  by  a  somewhat  smaller  magnitude, 
slower  decaying  current  called  an  "intermediate 
current."  During  the  time  between  repeated 
strokes  a  much  lower  magnitude  "continuing  cur¬ 
rent"  is  sometimes  observed.  This  whole  series 
of  current  pulses  is  called  a  "flash."  A  typical 
current  associated  with  a  lightning  flash  to  ground 
is  pictured  and  described  mathematically  in  Fig¬ 
ure  6.  This  description  is  inspired  by  Section  4.3 
of  M.  A.  Uman’s  book,  "Lightning." 2  Note  that 
continuing  current  is  neglected  since  reliable 
statistical  data  is  lacking. 

The  number  of  strokes  (3),  the  decay  time 
to  half -peak  current  of  each  stroke  (50p,sec),  and 
the  rise  time  of  the  strokes  (1  p  sec)  are  average 
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WHERE  U{t  )  = 


/O  FOR  t  <  0\ 
\\  FOR  t  >0/ 


r=  40  MILLISECONDS  (ASSUMED  CONSTANT  FOR  FLASH) 


a=  16  x  io3  sec"1 


b  =  5  x  io6  sec-1 


c  =  i  x  io3  sec-1 
d  =  5  x  io6  sec-1 


Figure  6.  Typical  multiple  stroke  current 
associated  with  a  single  lightning  flash  to 
ground. 


values,  as  is  the  ratio  of  successive  peak  stroke 
currents.  I  ,  the  peak  stroke  current  of  the  first 
(and  largest)  stroke,  is  a  random  variable.  This 
estimate  for  I(t)  is  used  in  all  calculations  per¬ 
formed  in  this  paper. 

It  should  also  be  noted  that  the  lightning 
flash  current  is  modeled  here  as  a  current  source 
between  shield  and  earth,  independent  of  the  cable 
or  earth  resistivity.  This  assumption  has  been 
repeatedly  justified  in  previous  studies  because  of 
the  high  internal  impedance  of  the  stroke  channel 
to  ground.3 

The  lightning  currents  that  the  L-5  cable 
will  be  exposed  to  must  be  estimated  on  a  statisti¬ 
cal  basis.  The  literature  concerning  the  statistics 
of  lightning  currents  typically  considers  only  one 
variable  at  a  time  (i.e.,  peak  current,  rate  of  rise 
of  a  single  stroke,  or  time  between  subsequent 
strokes  in  a  flash).  The  most  complete  statistical 
data  describes  the  peak  stroke  current  IQ  (of  all 
strokes  in  a  flash)  for  flashes  to  aerial  structures. 
This  statistical  distribution  has  been  modified  by 


E.  D.  Sunde3  (as  shown  in  Figure  7)  for  strokes  to 
buried  cables  (small  flashes  do  not  arc  to  buried 
conductors).  The  other  variables  of  flash  current 
have  been  given  reasonable  mean  values;  the 
lightning  flash  current,  I(t),  has  been  related  to 
the  peak  stroke  current,  IQ.  The  statistical  varia¬ 
tion  of  I  is  estimated  from  Figure  7;  thus,  the 
statistical  variation  of  I(t)  may  be  derived  from 
Figure  7. 


%  OF  LIGHTNING  FLASHES  IN  WHICH  PEAK 
STROKE  CURRENT  EXCEEDS  ORDINATE 


Figure  7.  Distribution  of  peak  initial  stroke  cur¬ 
rents  (IQ)  for  lightning  flashes  to  buried  cables. 


Frequency  of  Occurrence  of  Lightning  Flashes 
to  Buried  L-5  Cable 

It  is  the  purpose  of  this  section  to  find  the 
number  of  lightning  flashes  which  arc  to  a  7 5 -mile 
cable  section  each  year  neglecting  the  presence  of 
shield  wires.*  This  calculation  is  performed  so 
as  to  allow  a  final  estimate  of  the  number  of  times 
per  year  that  an  L-5  "power  pickoff"  diode  will 
pass  a  certain  level  of  charge  (Q)  or  peak  current 
(Ipeak)  due  to  lightning  flashes  to  the  75-mile  L-5 
cable  section. 

*Shield  wires  placed  approximately  2  feet  above 
the  cable  during  installation  may  prevent  small 
magnitude  lightning  flashes  from  arcing  to  the 
cable  and  reduce  the  lightning  current  entering 
the  cable  shield  for  larger  flashes.  Ignoring 
their  presence  is  thus  somewhat  conservative. 
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The  probability  of  flashes  to  the  cable  sheath  and  outer  coaxial  conductors  to  cause  arcing.  The 
is  assumed  uniform  between  main  stations.  Thus  dielectric  strength  of  physically  intact  pressurized 
the  lightning  flash  is  equally  likely  to  occur  at  any  coaxials  is  of  the  order  of  3000  Vdc.  Worst  case 
point  along  the  cable's  length.  This  assumption  estimates  of  lightning-induced  voltages  are  less 
was  verified  by  Dr.  G.  T.  Hawley.*4  than  1000  volts  peak. 


The  following  argument  closely  parallels 
that  in  the  H.  M.  Trueblood  and  E.  D.  Sunde  paper, 
"Lightning  Current  Observations  in  Buried 
Cable."5 

The  number  of  lightning  flashes  arcing  to  the 
buried  L-5,  75 -mile  (1.21  x  105  meters),  cable 
section  may  be  expressed  as: 

N  =  2  x  1.21  x  105  xr  xn 

where 

r  =  effective  arcing  distance  (in  meters) 
over  which  a  flash  to  earth  will  arc  to 
the  cable 

s  0.3  x  p  !/2  Koil  is  the  soil  resis“j 
01  (tivity  in  meter -ohms.  ) 

and 


n  =  number  of  flashes  to  earth  per  square 
meter  per  year  in  the  region  of  interest 


TD  x  9.3  x  10"8 


TD  is  the  annual 
number  of  thunder-' 
(storm  days  in  the 
region  of  interest.* 


By  overlaying  maps  of  earth  resistivity6  and 
thunderstorm  activity 7  the  product  of  Psojj  ^  and 
TD  is  found  to  be  less  than  1100  in  95  percent  of 
the  United  States  land  areas,  so  that  a  reasonable 
worst  case  estimate  is: 


N95%  “  2  X  1,21  X  1()5  X  0,3  X  1100  X  9,3  X  10"8 


^7.4  lightning  flashes  to  the  shield  of  a 
7 5 -mile  section  of  buried  cable  per 
year. 

Probability  of  Shorts  (Case  2) 

Experience,  field  studies,  and  various  calcu¬ 
lations  lead  to  the  conclusion  that  lightning  seldom, 
if  ever,  induces  sufficient  voltage  between  inner 


Field  experience  does  indicate  that  approxi¬ 
mately  1  percent  of  lightning  strokes  to  large  bur¬ 
ied  multicoaxial  cables  result  in  denting8  (mechan¬ 
ical  shorting)  of  an  average  of  half  of  the  cable’s 
coaxials.  Thus,  the  only  means  of  causing  a  co¬ 
axial  short  is  assumed  to  be  denting  due  to  direct 
lightning  flashes  to  the  buried  cable  shield.  This 
occurs  for  1  percent  of  the  flashes  to  the  cable, 
and  for  any  particular  coaxial  the  probability  of 
shorting  given  a  lightning  flash  to  the  cable  is 
5  x 10"3. 


Frequency  of  Occurrence  of  Center  Conductor 
Current  Surges 

Numerical  calculations  of  lightning- induced 
surge  currents  on  the  coaxial  center  conductors 
indicate  that  the  magnitude  and  duration  are  gen¬ 
erally  a  weak  function  of  position  (X)  between  the 
main  station  (X  =  0)  and  the  point  where  the  light¬ 
ning  flash  arcs  to  the  cable  shield  (X  =  XQ).  This 
surge  current  does  depend  quite  strongly  on  the 
distance  from  flash  point  to  main  station  (XQ).  In 
the  following,  the  variation  of  Q  and  Ipea^  with 
position  (X)  is  eliminated  by  using  the  maximum 
calculated  value  for  each  distance,  XQ.  Figures  8 
and  9  indicate  the  resultant  maximum  values  of 


Q  and  Ipeak  for  each  distance,  XQ. 

In  order  to  remove  the  variable,  X  , 
from  functions  Q  and  Ipeak>  the  mean  value  of 
Q  and  Ipea^  may  calculated  over  all  XQ  from  0 
to  120  Km,  assuming  (as  noted  previously)  that  the 
occurrence  of  a  stroke  between  main  stations  is 


equally  probable  at  each  point.  The  mean  values 
are  calculated  by  a  conservative  numerical  inte¬ 
gration  of  the  curves  of  Figures  8  and  9.  This  in¬ 
formation  allows  calculation  of  Q  and  Ipea^  inde¬ 
pendent  of  the  distance  of  the  lightning  flash  from 
the  main  stations.  Thus: 


*1  have  assumed  that  there  are  0.24  lightning 
flashes  to  earth  per  square  mile  per  thunder¬ 
storm  day. 
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Qno  crushtcou1-]  =  5,3  x  10"5  x  Ijkiloamperes] 


Figure  8.  Magnitude  of  coax  center  conductor 
current  as  a  function  of  Xq ,  for  a  peak  stroke  cur¬ 
rent  of  1000  amperes.  The  maximum  Q  calculated 
for  each  XQ  is  plotted. 


W/no  crush!""*8!-  ™ ^  xl0[kiloa».percs] 
Qcrush[cou1-]  =  5-3  x  10-4xio[kiloamperes] 

W/crusht^8'  '  8.1  x  1<T2  X  Ijklloamperes] 

Using  the  statistical  data  given  in  Figure  7 
on  peak  stroke  currents,  IQ,  it  is  possible  to  cal¬ 
culate  from  the  above  equations  the  percentage  of 
lightning  flashes  to  the  7 5 -mile  L-5  cable  section 
which  exceed  any  given  value  of  Q  or  Ipeak  from 
the  above  equations.  This  percentage  of  flashes 
which  exceed  Q  or  Ipgak  is  decreased  by  one -half 
because  only  current  in  the  diode's  reverse  con¬ 
duction  direction  can  cause  damage.  Thus  the 
statistical  estimates  of  Q  and  Ipeak  given  in  Fig¬ 
ures  10  and  11  account  for  the  fact  that  only  diodes 
to  one  side  of  the  flash  point  will  be  damaged. 


Figure  9.  Total  charge  passing  through  center 
conductor  as  a  function  of  Xp,  the  distance  from 
flash  to  main  station.  The  first  stroke  peak  cur¬ 
rent  is  1000  amperes.  The  maximum  Q  calculated 
for  each  Xq  is  plotted. 


Plpeak  (or  Q)/crush  (°r  no  crush)  is  defined 
as  the  probability  of  exceeding  Ipeak  (or  Q) ,  given 
that  the  cable  is  crushed  (or  not  crushed)  by  a 
lightning  flash  to  the  cable  shield. 


The  estimates  of  Piri„„lr  /crush  ,  Plnpak/no 
crush,  PQ/crush  *Bd  PQ/no  crush  given  in  Fig¬ 
ures  10  and  11  can  be  combined  with  the  previously 
determined  values  for  the  probability  of  crushing 
or  not  crushing  the  cable ,  in  order  to  find  Pq  and 
Pjpeak  Previously,  for  any  coaxial  tube  in  the 
rahle  we  found  that 


■^crush/flash  0*^05 
Pno  crush  /flash  ^.995 


Now  PQ/flash  311(1  PIpeak/flash  m*y  be  calculated: 

pIpeak /flash  =  pIpeak/crush  x  Pcrush/flash 

+  PIpeak/no  crush xPno  crush/flash 
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FRACTION  OF  LIGHTNING  INDUCED  CURRENT  SURGES  WHICH  EXCEED  ORDINATE 


Figure  10.  Fraction  of  lightning  flashes  to  75- 
mile  L-5  cable  section  which  induce  a  Q  which 
exceeds  the  ordinate  value  in  diode’s  reverse 
direction  for  case  numbers  1  and  2. 


FRACTION  OF  LIGHTNING  INDUCED  CURRENT  SURGES  WHICH  EXCEED  ORDINATE 


Figure  11.  Fraction  of  lightning  flashes  to  75- 
mile  L-5  cable  section  which  induce  an  Ip  exceed¬ 
ing  the  ordinate  value  in  the  diode’s  reverse 
direction  for  case  numbers  1  and  2. 


FRACTION  OF  LIGHTNING  INDUCED  CURRENT  SURGES  WHICH  EXCEED  ORDINATE 

Figure  12.  Fraction  of  lightning  flashes  to  75- 
mile  section  of  L-5  cable  that  induce  a  Q  which 
exceeds  the  ordinate  in  any  given  diode’s  reverse 
direction. 


FRACTION  OF  LIGHTNING  INDUCED  CURRENT  SURGES  WHICH  EXCEED  ORDINATE 

Figure  13.  Fraction  of  lightning  flashes  to  75- 
mile  section  of  L-5  cable  that  induce  a  Q  which 
exceeds  the  ordinate  in  any  given  diode’s  reverse 
direction. 


PQ/flash  PQ/crush  X  Pcrush/flash 

+  PQ/no  crush  x  Pno  crush/flash 


Using  Nq  k  =  7.4,  which  was  derived  in  the 
last  section,  Nq  and  are  found  in  Figures 

14  and  15. 


This  is  done  in  Figures  12  and  13. 

Finally,  the  frequency  of  occurrence  of  cen¬ 
ter  conductor  current  surges  of  Q  and  Ipeak  for  a 
given  cable  section  ma.y  be  calculated  by  multiply- 

PQ/flash  or  PIpeak/flashby  number  of 
flashes  per  year. 

Q^peak)  ^peak)  flashes 


Q^peak) 


=  number  of  times  per  year  that 
QOpeaiP  is  exceeded 


Nfiashes  -numl)er  °f  flashes  to  cable  section 
per  year 


The  application  of  Figures  14  and  15  must  be 
fully  understood. 

1.  If  a  single  diode  fails  then  it  is  highly 
likely  that  several  other  diodes  in  a 
series  with  it,  between  the  flash  point 
and  main  station,  will  also  fail. 

2.  If  a  crush  occurs,  then  on  the  average, 
half  of  the  cable’s  coaxial  tubes  will  be 
crushed.  Thus  if  diodes  in  one  coax 
string  are  damaged  other  strings  are 
likely  to  be  damaged  as  well. 

A  ’’diode  failure”,  then,  will  probably  herald 
a  major  disruption  of  service. 
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10"  3 


NUMBER  OF  TIMES  PER  YEAR  THAT  ORDINATE  IS  EXCEEDED 


Figure  14.  Annual  frequency  of  occurrence  of 
lightning  induced  charge  flow  in  "power  pickoff" 
diode’s  reverse  conduction  direction  which  ex¬ 
ceeds  ordinate. 


ICT4  I0-3  I0"2  I0"1  1.0  10 


NUMBER  OF  TIMES  PER  YEAR  THAT  ORDINATE  IS  EXCEEDED 

Figure  15.  Annual  frequency  of  occurrence  of 
lightning  induced  peak  current  in  "power  pickoff" 
diode's  reverse  conduction  direction  which  ex¬ 
ceeds  ordinate. 


Q 

*peak 


1 

In  2 
rl/2 


rl/2 

In  2 


__  Q  1  o  —  .074  •.  n 

Tl'2  W  ^ 


=  3.9  milliseconds 


Summary 

The  L-5  System  employs  a  multicoaxial  ca¬ 
ble  made  up  of  22  coaxial  conductors  surrounded 
by  a  polyethylene  jacket  which  in  turn  is  sur¬ 
rounded  by  a  polyethylene  covered  lead  shield. 
Repeaters  for  each  coaxial  circuit  occur  every 
mile.  The  repeaters  are  remotely  powered  by  dc 
converters  placed  every  75  miles.  The  voltage 
across  a  reverse  biased  zener  diode  in  series  with 
each  center  conductor  at  each  repeater ’’picks -off" 
power  for  the  repeater.  When  lightning  flashes 
arc  to  the  lead  shield  of  this  cable,  a  current  surge 
is  induced  in  the  coaxial  center  conductors  that 
must  be  carried  without  damage  by  these  "power 
pickoff  diodes." 

Combining  a  relatively  simple  coupled  trans¬ 
mission  line  model  of  lightning  flashes  to  a  75- 
mile  L-5  section  with  statistical  predictions  of 
lightning  current,  the  frequency  of  occurrence  of 
lightning -induced  currents  on  the  cable's  coaxial 
center  conductors  is  estimated. 


Derivation  of  Test  Waveform 


The  graphs  of  Figures  14  and  15  may  be 

used  to  derive  a  diode  current  test  waveform  in 

the  following  manner.  Simulating  the  largest 

4 

diode  current  surge  occurring  in  10  years,  we 
find  a  peak  current  of  13  amperes  (from  Figure 
15),  and  a  Q  of  0.074  coulombs  (Figure  14).  As¬ 
suming  a  test  wave  of  the  form 


the  time  can  be  found  to  half  peak  current, 
for  a  Q  and  Ipea^  as  above: 


As  a  result  of  this  analysis,  the  lightning 
protection  of  the  L-5  system  has  become  a  part  of 
the  initial  design  of  that  system.  A  similar  method 
of  analysis  may  be  used  to  estimate  current  or 
voltage  surges  from  lightning  on  any  buried, 
multicoaxial  cable  system. 
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Figure  AI-1.  Coupled  transmission  line  model 
for  75-mile  section  of  L-5  cable,  indicating 
terminations  of  shield-earth  and  coax  center 
conductor-shield  transmission  lines. 

Zms  =  main  station  impedance  to  remote  earth 

Zpc  =  power  converter  impedance 


Appendix  I 

Solution  of  Coupled  Transmission  Line  Equations 


Figure  AI-2.  A  differential  element  of  the  above 
coupled  transmission  line  model  of  L-5  buried 
cable. 


Assume  that  modeling  the  L-5  cable  system 
as  two  coupled  transmission  lines  is  valid.  Then 
I  shall  derive  the  surge  current  induced  in  a  co¬ 
axial  tube  center  conductor  as  a  result  of  a  light¬ 
ning  stroke  to  the  L-5  cable  shield.  The  cable- 
earth  coupled  transmission  line  model  was  illus¬ 
trated  in  Figure  2  and  is  repeated  here  for  con¬ 
venience  as  Figure  AI-1. 

The  derivation  of  the  current  in  the  coax 
center  conductor  [iQ(x)]  is  straightforward.  Con¬ 
sider  an  infinitesimal  section  of  coupled  trans¬ 
mission  line  (Figure  AI-2)  where  the  coupling 
factor  is  the  transfer  impedance  of  the  composite 
shield,  Zrjy.  This  particular  arrangement  of  the 
distributed  parameters,  Zgjj,  Ygjj,  Zq,  and  Yq,  is 
for  conceptual  ease.  Note  that  the  transfer  imped¬ 
ance,  ZT,  couples  the  two  transmission  lines. 


Writing  loop  and  node  equations  for  the  dif¬ 
ferential  element  of  Figure  AI-2  (assuming  sinu¬ 
soidal  variations),  equations  for  the  currents  in 
the  two  lines,  iQ(x)  and  igjj(x)  are  found. 

d2i„(x)  2 

-75--r;-i0W-zTY0.iSHw  (i) 

dx 

o 

d  iqTj(x)  n 

~~2  =  ySH  '  Wx)  "  ZTYSH  ‘  *0^  2 

dx 

i  (x)  =  coax  center  conductor 

ov  '  ~ 

current 
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Yq(co)  =  admittance  per  meter 
of  0.375"  diameter 
coax 

ygH(w)  s  ^ZgH(w)YSH(w)  =  propagation  constant 

of  shield  earth  trans¬ 
mission  line 

YgH(u>)  =  admittance  per  meter 
of  shield  earth  trans¬ 
mission  line 

ZT(co)  =  transfer  impedance  of 
laminated  shield 

Generally,  |iQ(x)|  «  |igH(x)|  and  ZT(c o)  x 
YgH(o))  ^  so  the  second  term  on  the  right- 

hand  side  of  Equation  (2)  may  be  neglected.  If  this 
is  done,  the  solutions  for  iQ(x)  and  igjj(x)  may  be 
written:* 


lSH(x)  -  c/W  ♦  c/rs«*  (3) 


-rox 


+r  x 


o 

where 


i  (x)  =  [A  +  P(x)]  e  -  [B  +  Q(x)]  e  0  (4) 


P(x) 


/■' 


2K~  /  SH 


+r  u 
icTr(u)  e  du 


ZT 

“•if 


/' 


-ru 

igH(u)  e  du 


and 

A,  B,  Cp  Cg  are  constants  fixed  by  boundary 
conditions 

Kq  “  characteristic  impedance  of  0.375"  diam¬ 
eter  coax 

=  characteristic  impedance  of  shield -earth 
line 


*E.  D.  Sunde,  "Earth  Conduction  Effects  in  Trans¬ 
mission  Systems,"  Dover  Publications,  New  York, 
N.  Y.,  Chapter  1,  pages  14-17. 


Next,  one  must  define  the  two  cases  outlined  in 
the  test. 

Case  1  —  There  is  a  lightning  flash  to  the  ca¬ 
ble  shield  at  a  point  between  main 
stations  but  the  cable  is  not  crushed. 

Case  2  —  Same  as  Case  1 ,  but  only  the  coaxial 
tube  of  interest  is  shorted  at  the 
point  where  the  flash  enters  the 
shield. 

The  solutions  for  iQ(x)  —  the  current  in  the  center 
conductor  of  the  coax  —  are  very  complex  alge¬ 
braically  and  their  derivation  is  tedious.  I  shall 
outline  the  procedure  for  Case  1  and  simply  write 
the  solution  for  Case  2. 

Refer  to  Figure  AI-1.  Note  the  zero  posi¬ 
tion  and  positive  direction  of  the  x-axis:  x  =  0  is 
the  point  where  the  lightning  flash  enters  the  cable 
shield  and  the  positive  x-direction  is  to  the  right. 
The  left-hand  main  station  is  located  at  x  =  -L^ 
meters.  Applying  boundary  conditions  at  x  =  0 
and  at  the  main  station,  separate  solutions  for  the 
shield-earth  current  for  x  positive  and  x  negative 
are  found. 


Valid  for  x  >  0 


(x)=  - 


lL(q>)  (l  +  r2) 

2(i  -rir2) 


“^SHX 


r 


„ySHx\ 

‘e  ) 


(5) 


Valid  for  x  <  0 


/ 


(*  +  rl) 

l1  -  rlr2) 


(6) 


where 


IL(u>)  =  frequency  spectrum  of  the  lightning 
current 


J ZMS  ~  KSh\  ~2ySHLl,2 
1,2  \ZMS  +  KSH/ 


These  expressions  for  igH(x)  are  now  sub¬ 
stituted  into  P(x)  and  Q(x)  and  the  integration  is 
performed. 
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valid 
for 
x>  0 


Now,  the  voltage  and  current  on  the  center  One  can  find  iQ(x)  for  x  >  0.  By  symmetry,  we 

conductor-shield  line  are  related  by  the  power  need  not  consider  iQ(x)  for  x  <  0. 

converter  input  impedance  at  x  =  and  -Lg. 
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where 


In  an  analogous  manner,  the  somewhat  simpler  ex¬ 
pression  for  iQ(x)  under  Case  2  may  be  found.  As 
(9)  in  the  previous  case,  iQ(x)  is  valid  for  x  >  0. 


Ux) 

case  2 


ripi(li)  -  %(li) 
1  + 


(10) 


Appendix  II 

Transmission  Line  Parameters 

The  equations  for  current  in  the  center  con¬ 
ductor  of  a  coax  tube  of  the  L-5  cable  were  derived 
in  Appendix  I.  This  current  depends  on  Kq,  r  , 
KgH  and  ygH,  the  transmission  line  parameters 
used  for  the  coupled  lines.  In  this  appendix  are 
presented  the  frequency  dependent  expressions 
used  for  these  parameters  and  some  of  the  reasons 
that  went  into  the  choice  of  the  specific  models 
used  in  calculations. 

The  parameters  for  the  coax  transmission 
line  are  straightforward  and  are  well  documented. 
However,  most  documentation  estimates  these  pa¬ 
rameters  for  frequencies  above  100  kHz,  whereas 
our  interest  will  center  on  frequencies  of  less  than 
10  kHz.  Also,  we  must  alter  the  homogeneous  line 
parameters  to  account  for  the  repeater  impedance 
which  appears  every  mile  across  the  coaxial  con¬ 
ductors.  A  low  frequency  equivalent  circuit  for 
the  repeater  is  shown  in  Figure  AII-1.  Because 
our  simplified  coupled  transmission  line  model 
assumes  homogeneous  lines,  we  shall  distribute 
the  repeater  circuit  parameters  over  each  mile  of 
line,  thus  modifying  the  primary  line  constants  R, 
L,  G,  C.  Henceforward,  we  shall  consider  only 
these  modified  primary  constants  and  a  homoge¬ 
neous  transmission  line. 


I  MILE  4.  I  MILE 

(n-l)th  SECTION  nth  SECTION 

REPEATER  OF  0.375"  COAX  REPEATER  OF  0-375"  COAX 


Figure  AH -la.  Actual  periodically  terminated 
0.375"  coaxial  circuit. 


Ro'  Lq'  Co'  Ro'  Lq'  Co' 


c0'  ■  C0+  C/1609 

R0' "Ro  +  R/l609 

L0'  «L0+  L/1609 


Figure  All-lb.  Low  frequency  approximation  to 
above. 

For  frequencies  below  10  kHz,  we  have: 

R  =  3.4  x  10~3  ohms/meter 
G  <  3.1  x  10"11  mhos/meter 
C  -  18.6  x  10"11  farads/meter 

n 

L  ^  4.3  x  10  henries/meter 
and  the  secondary  constants 


305 


FREQUENCY  [HERTZ]  FREQUENCY  [HERTZ] 


expressions  for  the  transmission  line  parameters 
of  a  buried,  bare  shielded,  cable  are: 


Figure  AII-2.  Propagation  constant  and  charac¬ 
teristic  impedance  of  low  frequency  approxima¬ 
tion  to  periodically  terminated  0.375M  coax  (refer 
to  Fig.  AH-lb). 


The  characteristics  of  the  shield -earth 
transmission  line  are  not  at  all  obvious  or 
straightforward.  Before  1950,  buried  telephone 
cables  were  protected  from  lightning  and  other 
environmental  hazards  by  a  jute -covered  lead 
shield.  Within  a  few  months  after  burial,  the  jute 
covering  became  soaked  with  water;  from  that 
time  on,  the  lead  shield  could  be  considered  to  be 
in  good  electrical  contact  with  the  surrounding 
earth.  Thus,  current  on  the  lead  shield  due  to 
lightning  flashes  leaked  off  into  the  surrounding 
soil  at  a  rate  limited  only  by  the  soil  conductivity 
and  permittivity.  In  the  1940s,  a  reasonable 
model  for  the  propagation  constant  of  such  a  bare 
shield-earth  transmission  line  was  proposed  and 
experimentally  validated  by  E.  D.  Sunde.*  His 

*E.  D.  Sunde,  ’’Lightning  Protection  of  Buried 
Toll  Cable,”  Bell  System  Technical  Journal, 

Vol.  24,  April  1945. 


where 


=  i^soil  (CTsoil  +  ^soilj 

or  son  =  soil  conductivity  in  [mhos/meter] 
generally  ~  10’^ 

o  •-,  =  soil  permittivity  in  [farads/meter] 

S01i  -10 
generally  ~  10 

LLsoii  =  soil  permeability  in  [henries/meter] 

(£  nQ) 

Zi  =  shield  surface  impedance  with  ex¬ 
ternal  return  [ohms/meter] 

a  =  shield  radius  [meters] 


The  parameters  y ^  and  KgH  for  a  bare 
shield  with  the  dimensions  of  the  L-5  cable  shield 

o 

buried  in  a  soil  of  conductivity  2.5  x  10  mhos/ 
meter,  permittivity  10  x  efree  space,  and  perme¬ 
ability  equal  to  that  of  free  space  are  plotted  in 
Figures  All -3  and  All -4. 

The  multicoaxial  cable  proposed  for  the  L-5 
system  possesses  a  lead  shield  and  is  covered  by 
a  75-mil  polyethylene  jacket.  This  insulating 
shield  cover  greatly  reduces  the  leakage  of 
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Figure  AII-3.  Real  and  imaginary  parts  of  bare 
and  insulated  shield  propagation  constants  for 
CLOAX  22  cable  in 

asoil  =  2,5  X  mhos/meter 

esoil  "  ^  x  efreespace 
Esoil  "  Efreespace 


BARE  SHIELD 


r  ui 
io°  ^ 


rri  UJ  £L 
-50  c n 

< 

x 

-100 


_ I _ I _ I _ I - L_ 

I01  10  I02  I03  I04  10s 


Figure  AII-4.  Characteristic  impedance  of 
shield-earth  transmission  line  for  bare  and 
insulated  shield. 

°soil  =  2*^  X  mhos/me^er 


lightning  current  into  the  surrounding  soil  so  long 
as  it  remains  intact.  If  one  does  assume  that  the 
shield  cover  remains  intact,  several  transmission 
line  models  are  available.  The  various  insulated 
shield  models  are  in  essential  agreement,  but  the 
easiest  expressions  to  evaluate  for  K ^  and  ygH 
were  developed  by  Marston  and  Graham.*  Their 
model  for  propagation  on  a  buried,  insulated  con¬ 
ductor  allows  fairly  simple  calculation  of  these 
parameters.  The  results  are  plotted  in  Figures 
AII-3  and  AII-4,  and  the  analytical  expressions 
used  to  develop  those  graphs  are: 

>'sh-/¥TT 

ksh=VF 

where 


a 


where 


5 

Y 

Y1 

t 


ZgH  +  j  coju./27r  In  (1  +  6/a) 

shield  surface  impedance  go -external 
return 

shield  outer  radius 
V  2/coju0crso^  =  skin  depth  in  soil 

YlVYl+Y2 

v  ^ a soil  +  ^soilV11^1  +  6^b  +  ^ 
polyethylene  shield  cover  thickness 

juwepoiy/iii  (1  +  t/a) 


a  son  =  s°il  conductivity  in  [meter -ohms] 
£soil  ^  soil  Permittivity  in  [farads/meter] 
Esoil  s  so^  Portability  in  [henries/meter] 

In  the  calculation  of  L-5  diode  current 
surges,  it  was  found  that  the  insulated  shield 
model  yielded  significantly  higher  estimates  of 
peak  power  and  total  charge  than  did  the  bare 
shield  model.  Figure  All -5  shows  the  diode  cur¬ 
rent  for  a  single  current  stroke  of  1  kamp  peak 
for  each  model. 


£soil  ^  X  efreespace 
Esoil  “  EfreeSpace 


*D.  R.  Marston  and  W.  R.  Graham,  "Currents 
Induced  in  Cables  in  the  Earth  by  a  Continuous 
Wave  Electromagnetic  Field,"  Tech.  Rep. 
AFWL-TR-65-94,  May  1966. 
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500 


Figure  All -5.  Comparison  of  coax  center  conduc¬ 
tor  current  for  bare  and  insulated  shield -earth 
return  models.  A  single  lightning  stroke  hits  the 
cable  2  km  from  a  main  station.  A  crush  of  the 
cable  is  assumed.  The  peak  lightning  current  is 
1100  amperes. 

Considering  the  large  difference  in  predic¬ 
ted  current  surges  for  the  coaxial  center  conduc¬ 
tors  of  the  L-5  cable,  it  is  obvious  that  a  choice 
must  be  made  between  the  two  models. 

Choosing  between  the  insulated  or  bare 
shield  models  must  depend  on  the  magnitude  of 
the  shield  current  of  interest  and  upon  its  fre¬ 
quency  content.  Lightning  stroke  currents  of  con¬ 
cern  here  have  peak  currents  (IQ)  of  the  order  of 
tens  of  kiloamperes,  and  most  of  the  energy  as¬ 
sociated  with  the  stroke  current  is  contained  in 
frequencies  less  than  100  kHz. 

I  have  chosen  the  bare  shield  model  for  the 
following  reasons: 

1.  For  peak  currents  of  the  order  of  tens  of 
kiloamperes  and  a  surge  impedance  of 
tens  of  ohms,  shield  earth  voltages  of  the 
order  of  hundreds  of  kilovolts  peak  are 
developed.  For  frequencies  below  100 
kHz,  most  of  this  voltage  appears  across 
the  shield  cover  (dielectric  strength  < 

100  kvolts)  and  dielectric  breakdown 
(pinholes)  appear  to  be  a  necessary  re¬ 


sult.  As  a  result  of  such  pinholes  in  the 
shield  cover,  one  may  show  analytically 
that  the  shield  earth  current  behaves  as 
though  the  shield  were  bare  for  lightning 
stroke  currents  of  more  than  a  few  kilo¬ 
amperes  peak.* 

2.  At  Bell  Laboratories  field  laboratory, 
Chester,  N.  J.,  tests  recently  conducted 
on  a  buried  insulated  wire  and  on  a  buried 
insulated -shield  cable  indicate  that  cur¬ 
rent  surges  of  tens  of  microseconds  dur¬ 
ation  propagate  as  though  the  shield  or 
wire  were  bare  for  peak  currents  of 
greater  than  1  kiloampere,  verifying 
thereby  the  prediction  stated  in  1.  above. 

It  is  thus  apparent  that  a  bare  shield  propa¬ 
gation  model  is  indicated  for  lightning  stroke  cur¬ 
rents  greater  than  a  few  kiloamperes  for  the  L-5 
cable. 


Dale  A.  Douglass 


Mr.  Douglass  has  been  a  member  of  Techni¬ 
cal  Staff  at  Bell  Telephone  Laboratories  since 
1969.  His  work  has  been  concerned  with  lightning 
protection  of  various  telephone  systems  and  equip¬ 
ment.  Mr.  Douglass  was  with  The  Boeing  Com¬ 
pany  from  1967  to  1969,  where  he  was  involved  in 
antenna  and  radome  design.  He  received  a  B.S. 
in  Mechanical  Engineering  (1963)  and  an  M.S.  and 
Ph.D.  (1964  and  1968)  in  Electrical  Engineering 
from  Carnegie -Mellon  University.  He  is  a  mem¬ 
ber  of  Pi  Tau  Sigma,  Tau  Beta  Pi,  and  the  IEEE. 


*See  Reference  3,  Chapter  9. 
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ELECTROMAGNETIC  INTERFERENCE 


WITH 

VIDEO  TRANSMISSION  CABLE 
H.  MURATA  S.  INAO  AND  H.  HONDO 
The  Furukawa  Electric  Co.,  Ltd.  Tokyo,  Japan 


SUMMARY 

This  report  shows  how  to  calculate  the  power  of 
induced  interference  at  cable  end  caused  by  its  height 
from  ground,  earth  conductivity,  earthing  resistance, 
radio  wave  angle  to  cable,  etc.,  when  interference  wave 
progressing  direction  and  intensity  are  given. 

It  takes  into  account  the  fact  that  cable  shielding 
acts  as  wave  antenna  to  radio  frequency  wave. 

1.  INTRODUCTION 

Recently  there  is  a  strong  demand  for  transmitting, 
via  balanced  type  cable  or  coaxial  cable,  the  signals  of 
TV  telephones,  ITV,  and  data  transmission  in  video 
frequency  bands.  As  source  of  interference  in  such 
frequency  bands  can  be  mentioned  power  lines,  various 
kinds  of  induction  heaters,  motors,  automobiles,  ele¬ 
ctric  waves,  and  so  forth.  In  this  report  an  enquiry  is 
made  into  the  induction  mechanism  of  the  wave  induction 
noise  of  the  picture  transmission  balanced  type  and  co¬ 
axial  cables  installed  at  aerial  parts. 

As  the  factors  which  affect  the  volume  of  induction 
noise  we  may  take  into  consideration  the  intensity  of  the 
electric  power  of  broadcasting  wave,  the  frequency  of 
broadcasting  wave,  the  angle  of  oncoming  broadcasting 
wave  to  the  cable,  the  kinds  of  cable,  the  existence  or 
otherwise  of  cable  shielding,  the  coupling  of  the  longi¬ 
tudinal  circuit  and  real  circuit  of  the  cable,  the  strung - 
up  and  earthing  conditions  of  the  cable,  earth  electrical 
conductivity,  etc.  In  this  report  we  seek  calculating 
formulas  taking  those  factors  into  account  and  show  that 
they  nearly  agree  with  the  results  of  actual  measure¬ 
ments,  and  indicate  the  limit  under  which,  from  the 
standpoint  of  induction  interference,  the  existing  cables 
can  be  used  for  video  transmission  ones,  and  also  make 
a  proposal  regarding  a  video  transmission  cable,  to¬ 
gether  with  data  on  the  design  of  the  new  cable. 


2.  METHOD  FOR  CALCULATING  INDUCTION 

INTERFERENCE  ELECTRIC  POWER  OF 

BROADCASTING  WAVE 

The  video  transmission  cable  is  subjected  to  the 
induction  from  the  broadcasting  wave  chiefly  at  aerially 
installed  sections. 

In  proceeding  with  the  calculatins,  we  will  con¬ 
ceptually  explain  a  route  under  which  ’’balanced  type 
cable  with  shielding”  has  its  real  circuit  affected  by 
induction  noise  from  the  broadcasting  wave. 

As  shown  in  Fig  1,  a  broadcasting  wave,  which  has 
entered  at  an  angle  of  0  with  an  installed  cable ,  induces  an 
induced  current  of  i  (x)  between  cable  shielding  and 
earth,  which  current,  under  a  transfer  surface  im¬ 
pedance  Zks  of  the  shielding,  causes  a  longitudinal  cur¬ 
rent  i ^(x)  between  shielded  conductors.  As  the  trans  - 
verse  circuit  is  not  perfectly  balanced,  an  induced 
voltage  Vt  (x)  is  created  by  i  ^(x).  Below  we  will  explain 
in  consequential  order. 

2-1  Induced  current  in  longitudinal  circuit  between 
pair  and  sheath 

As  the  broadcasting  wave  is  a  vertically  polarized 
one,  it  receives  induction  at  the  vertical  portion  of  the 
cable;  besides,  since  the  earth  is  no  complete  electrical 
conductor,  there  arises  a  horizontal  component  in  the 
electric  field,  and  the  wave  receives  induction  also  at 
the  horizontal  portion  of  the  cable. 

2-1 -A  Induced  current  in  sheath  -  ground  circuit 
by  vertical  electric  field 

As  shown  in  Fig  2,  induced  current  iv  (x)  in  the 
circuit  between  cable  sheath  and  ground  by  the  vertical 
component  Ev  of  the  electric  field  is  obtained.  A  paral¬ 
lel  source  is  induced  between  cable  and  earth  by  Ev,  and 
its  value  is  Ev*h.  At  x  =  £  point,  since  the  current 
flows  reversely,  the  electromotive  forth  is  equal  to 
zero.;  so  that  at  both  (x=0,  and  x=l  )  ends,  induced 
voltage  is  Ev-hl  and  Ev>h2  ;  therefore,  we  can  calculate 
the  current  at  x=x  point.  First,  current  iVi  (x)  at  x 
point  by  Ev-  h,  becomes  ; 
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p  ..  p  ,  -K2e-x),r  -r(2e+x) 

■  M  Ev  hiA-rx,  Evhi  r  e _ +Jle _  (1) 

zTz-  +^Z  2  i-^e-2"  (1) 


2-1  -C  Induced  current  in  longitudinal  circuit 

Induced  current  i  (x)  in  sheath -ground  circuit  ob¬ 
tained  under  2-1 -A,  2-1-B  becomes  as  follows  : 


i  (x)  —  i  v  (x)  4-  i  h  W 


Zx  ~Z 
zx  +  Z 


r  -  ~~ z 

2  z2  +  z 


Current  i  v2  (x)  at  x  point  by  Ev  -  h2  becomes  : 

-p  -h  ,  x  e-n*H\r  e-nM-x) 
i  Ev  h2r0-r(^-x)  n.e  +/2e  y 

,v2(x)~Z2+ZLe  J'  1  -J\rte-*n  3  <2) 


■j  A> cos  ^  ^ 


Therefore, 


i  (x) —  ivl(x)+  i  v2^ 


As  shown  in  Fig  1,  if  the  surface  transfer  impedance  of 
shielding  is  taken  as  Zks,  the  unit  electromotive  force 
of  the  longitudinal  circuit--E  V  d  V  becomes  as  follows  : 

Evdv=ZKS-  HvUr,  (8) 

Therefore,  the  induced  current  i  £  (x)  in  the  longitudinal 
circuit  (circuit  between  pair  and  shielding)  becomes  as 
follows  on  condition  that  both  ends  of  the  eongitudinal 
circuit  be  matched  : 


^S[ /x  m  ■  e-«(*-*W/  i  (7)e-r^-x)0 

>  T7  .  V 


2-1-B  Induced  current  in  the  sheath -ground  circuit 
by  horizontal  electric  field 

As  shown  in  Fig  3,  we  will  obtain  the  induced  cur¬ 
rent  i  v  (x)  in  the  circuit  between  cable  sheath  and  earth 
by  the  horizontal  component  of  electric  field. 

The  horizontal  component  is  obtained  through  the 
following  equation  : 

Eh=Ev-  C  6  0  (4) 

where  q  :  earth  conductivity 

X0  :  free  space  wave  length 

Ev  :  Vertical  component  of  the  electric  field 

In  an  elementary  length  d<f  of  the  sheath  section, 
an  electromotive  force 

E^*  d£— Ejjjcos  6*  exp  [-  j  /^cos  0-  <f]  •  d£  (5) 

is  created  in  series  (constant  voltage  source  with  zero 
internal  impedance).  The  current  ih  (x)  that  flows  at 
x=x  under  this  source  becomes  as  follows,  from  a  con¬ 
cept  of  reflection  : 

%-cosfl  x  i#osg.e :  a-r(x  -  f )  ,f 


-r(e-x)_^r  e e  ^oCOSg.f  .r(/-x) 


i -r,  r,  e~2re 


X  1  — /  2  /  2 

xf£  e Acos^‘  e  df  }  (i 


where  Zx  :  Characteristic  impedance  of  longitudinal 
circuit 

7* e  :  Propagation  constant  of  longitudinal  circuit 


Zk-Rk+(  R,+  j  tan2  0 


where  Rk  :  Surface  transfer  impedance  of  metal  tube 

Rt  :  Surface  impedance  of  metal  tube 

Zk  :  Surface  transfer  impedance  of  helical 
shield 

q  :  Angle  of  helical  shield  to  the  cable 
0)  :  Angle  frequency 

2-2  Induced  current  in  the  transverse  circuit 
(Real  circuit) 

2 -2 -A  Induced  current  in  transverse  circuit 

Having  obtained  the  current  distribution  i  £  (x)  of  the 
longitudinal  circuit,  we  are  going  to  get  a  transverse 
circuit  current  it  (x).  If  the  conversion  factor  per  unit 
length  from  longitudinal  circuit  to  transverse  circuit  is 
taken  as  Cn  ,  Cf ,  the  transverse  circuit  current  is 

^  Zt  °  (11) 

-Cn  g  \&  e-rt(£-x)df} 

Therefore,  the  transverse  circuit  voltage  V*  (x)  becomes 
Vt(x)=Zt  •  it(x)  (12) 


Z  t  :  characteristic  impedance  of  transverse  'circuit 
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2-2-B  Conversion  factor  between  longitudinal  circuit 
and  transverse  circuit 

i)  Generally  speaking,  "C"  is  determined  by  the 

geometrical  size  difference  between  two  cores,  the 
non -uniformity  of  material,  and  deviations  from 
manufacturing  standards ,  and  by  this  we  can  judge 
the  quality  of  the  cable.  We  will  mention  a  method 
by  which  we  can  experimentally  and  simply  obtain 
"Cn,  r. 

Substantially  speaking,  Cn,f  changes  longitudinally. 
But  assuming  that  it  is  uniform  on  an  average,  we 
measure  Vt  (0)/V1(0)  at  the  circuit  of  Fig  4. 

To  obtain  Vt  (0)  theoretically, 


Similarly, 

_  l  f z7  i 

vt(0)=-cny— •BH-c°s^Cr^jAcose{  -(rt+j^cos(9) 

’  re  +  i t  ^re+i/90cos6 {  re.T{  ^ 

>0  as  P^r&  i  Aocos^)  1 

xe-O^i  Ac«0)-/.  £  1  7  -1 }] 

rt+jAocos0 

Finally,  it  becomes 


=Lj=cn.f(r/fz/trtizt.*ffl) 


from  Fig  4, 


Vt(0)=l/5‘V^(0)  /o^Gn  ‘  e'(^+rt)  X  dX 

1/z!  ....  i— 

=  -  /—  •  0n  •  V/0 - — - 

2]  z£  n  e  re  +  rt 


therefore,  it  becomes 

n=2?J®J&.  Tg+  Tt  -v-  M 

n  2  ve(o)  J zt  i-Q-(re+rOe 

From  the  measurement  of  Vt  (OJ/V^O)  from  formu¬ 
la  (14)  we  can  get  ”Cn”  from  the  kinds  of  cables. 
This  is  illustrated  in  Fig  6. 

ii)  We  can  also  obtain  it  as  follows  : 

In  Fig  5,  the  transverse  circuit  and  longitudinal 
circuit  are  matched  for  a  line  which  is  actually 
affected  by  induction  interference,  and  V!  (0)  and 
Vt  (0)  are  measured.  Now,  if  the  induction 
voltage  distribution  of  the  longitudinal  circuit  is 
taken  as  follows  : 


Vt(r)=  E^.  -cos#  •  e  i^°cos^  r<r 


as  for  longitudinal  circuit  voltage  distribution 
(x),  the  same  calculation  as  for  the  preceding 
item  is  made 

V, (x)=/v j (r) e‘ re ( x * T ) d r- +  f  V (T)e~rt' ( T ' x ^  d T 

0  X 

=E[Ii.cos  6{'-re*«£Zi£&*Dj=± 
re-  .iAcostf 

—-(ty+j  fto  cosd)£_  -(r£+i /?Qcosd)x 

-  ^ - T-2 - - -  (16 

Te+  i  fto  cos  d 

therefore,  it  becomes 


V^(0)=  -BHi  -cos< 


e“(^+j  COS#)^ 

j  Ao cos^ 


and  C  can  be  obtained. 

Also  from  formulas  (14)  and  (19), 

Vt(o)_vt(o)  ^  +  rt  ■  f(?>  %(,  r,  z,  e  0)  GO) 
v£(o)~  v£(o)  i-e'(-re+ri>e 

and  it  shows  the  relationship  between  Vt  (0),  VI  (0), 

Vt  (0),  and  Vt  (0). 

2-3  Correspondence  with  measured  values 

Numerical  calculation  is  made  of  the  results  of  all 
the  foregoing  items  and  comparison  is  made  with 
measured  values.  The  test  cable  is  250  m  of  the  exist¬ 
ing  0.65  mm  30  pair  CCP-AP  cable,  and  the  parameter 
needed  for  calculation  is  as  under  : 


Cable  Shielding  material 
thickness 


0.2  mm 


"  inner  diameter  13  mm  f 

Installation  conditions 

Altitude  of  cable  from 
the  ground  h  x  =  h2  = 

Angle  with  electric  wave  Q  change 

Earthing  conditions  Both  ends  earthed 


Earth  conductivity 


Electric  field  strength 
Frequency 


One  end 

Both  ends  unearthed 
g  =  1.5  x  10"3  U/m 
Ev  =  100  dB/JV/m 
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Propagation  constant  of 
transverse  circuit 

r  t 

18.6  dB/km 
33.1  rad/km 

Characteristic  impedance 

of  transvers  circuit 

Zt 

10511 

Propagation  constant 
of  longitudinal  circuit 

n 

18.0  dB/km 
38.0  rad/km 

Characteristic  impedance 

of  longitudinal  circuit 

*1 

7012 

2 -4 -A  Source  of  induction 

This  is  an  important  factor  which  determines  Ev 
and  Eh.  Induced  voltage  or  induced  current  increases 
in  direct  proportion  to  Ev  and  Eh.  The  induced  noise  of 
a  strung -up  cable  is  determined  almost  by  Eh. 

2-4-B  Cable  installation  place,  installation  altitude 
and  earthing  method 


Propagation  constant  of 
sheath  -  ground  circuit 
sheath  and  ground 

Characteristic  impedance  £ 
of  sheath  -  ground  circuit 


15.0  dB/km 
30.0  rad/km 

600  ft 


By  putting  the  above  constants  into  formula  (9),  the 
vertical  circuit  current  of  CCP-AP  cable  is  obtained, 
and  then  longitudinal  circuit  induced  power  Pv,  Ph  is 
obtained  in  the  following  cases  : 

where  Pv  :  Induced  voltage  by  vertical  electric  field 

Ph  :  "  ”  "  horizontal  electric  field 


Earth  conductivity  g  determins  the  horizontal  ele¬ 
ctric  field  component  which  constitutes  the  greater  part 
of  induced  noise.  The  larger  g  become,  the  smaller  the 
induction.  Next,  it  is  desirable  that  the  cable  should  be 
laid  in  such  a  way  that  the  angle  9  which  the  broadcast¬ 
ing  wave  propagation  direction  forms  with  the  cable  may 
be  a  right  angle.  Earthing  should  be  made  at  both  ends 
in  case  a  cable  is  1  km  or  longer.  The  smaller  the  cable 
altitude  from  the  ground  becomes,  the  smaller  the  char¬ 
acteristic  impedance  of  circuit  made  with  cable  sheath 
and  earth  grows  and  the  larger  the  propagation  constant 
becomes.  So,  the  induced  noise  is  reduced. 

2-4-C  Induced  object 


Case  1  Pv  and  Ph  in  case  cable  length  is  changed  from 
10  m  to  2,000  m  with  both  ends  earthed  (earth¬ 
ing  resistance  U)  ),  and  0  =  0°.  The  calculation 
result  is  shown  in  Fig  7-1. 

Case  2  Pv  and  Ph  in  case  cable  length  is  changed  from 
10  m  to  2,000  m  with  both  ends  unearthed,  and 
0  =  0°.  The  calculation  result  is  shown  in 
Fig  7-2. 

Case  3  Pv  and  Ph  in  case  the  shielding  on  the  measure¬ 
ment  side  is  earthed  while  the  other  end  is 
unearthed,  and  the  cable  length  is  changed  from 
10  m  to  2,000  m,  and  0  =  0°.  The  calculation 
result  is  as  per  Fig  7-3. 

Case  4  Change  of  Ph  and  Pv  in  case  both  ends  are 
earthed  and  cable  length  1=250  m  and  9  is 
changed  from  0°  to  360°.  The  calculation  re¬ 
sult  is  shown  in  Fig  8.  And  in  case  cable 
length  1  =  2,000  m  also  is  shown. 


One  repeater  section  for  a  video  transmission  cable 
is  generally  2  km  or  so.  If  the  cable  becomes  as  long 
as  that,  the  earthing  conditions  of  cable  shielding  no 
longer  has  any  effect.  Shielding  effect  is  expressed  in 
terms  of  surface  transfer  impedance  Zk.  Naturally 
enough,  the  smaller  Zks,  the  better,  and  the  induced 
current  or  voltage  is  in  direct  proportion  to  Zks,  What 
we  should  bear  in  mind  here  is  that,  as  shown  in  formula 
(10),  even  though  a  metal  shielding  tape  is  applied  longi¬ 
tudinally  to  the  cable,  if  the  cable  is  twisted  at  the  time 
of  installation,  Zks  increases  due  to  the  effect  of  Q  of 
formula  (10). 

Next,  as  shown  in  formula  (11),  the  transverse 
circuit  induced  current  it  (x)  is  in  proportion  to  longi¬ 
tudinal  circuit -transverse  circuit  coupling  coefficient  C; 
so  that  it  is  necessary  to  see  that  the  cable  is  manu¬ 
factured  which  has  "0"  coefficient. 


3.  CABLE  FOR  VIDEO  TRANSMISSION 


When  measured  values  are  shown  in  Fig  7  -  Fig  8, 
it  becomes  mark©;  it  is  known  that  the  calculated  values 
well  agree  with  measured  values. 

2-4  Study  of  induced  noise 

As  a  theoretical  formula  of  induced  current  has 
been  obtained  from  2-1  and  2-2,  we  will  calculate  values 
and  study  the  effect  of  each  of  the  factors  which  affect 
the  induced  noise,  and  describe  how  to  reduce  the  in¬ 
duced  noise. 


As  for  a  base -band  video  transmission  cable  for  TV 
telephones,  etc.,  which  is  likely  to  be  put  to  pratical  use 
in  the  near  future,  there  arise  a  problem  of  induction  for 
an  aerial  section  caused  by  radio  broadcasting  wave. 

For  example,  if  Spp/Nrms  ratio  required  is  40  db,  cable 
attenuation  is  20  dB /repeater  section  in  broadcasting 
wave  band,  and  the  signal  level  is  +5  dBm,  the  trans¬ 
verse  circuit  reception  noise  level  must  be  not  more 
than  -55  dBm. 
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When  the  currently  used  telephone  cable  and  a  new 
type  cable  for  video  transmission  are  viewed  from  the 
above  standpoint,  let  us  consider  to  what  extent  this 
problem  goes.  In  this  case,  as  a  transmission  technique 
to  improve  S/N  ratio,  it  may  be  considered  to  increase 
the  signal  level  such  as  preemphasis.  Here  we  assume 
that  this  means  serves  to  increase  it  by  10  dB  or  so. 

3-1  Already  installed  cable 

As  an  already  laid  cable,  we  will  take  an  example 
of  the  0.2  mm  thick  A1  shielded  cable,  which  was  used 
above  as  a  calculation  example. 

Since  the  longitudinal  circuit  noise  level  at  1  MHz 
in  100  dBuV/m  electric  field  is  -35  dBm  and  the  com¬ 
pensate  term  for  the  ratio  of  the  longitudinal  and  trans  - 
verse  circuits  is  25  dB  from  formula  (20),  the  longi¬ 
tudinal  circuit  induction  level  comes  out  at  —60  dBm, 
and  if  the  electric  field  magnitude  is  130  dBuV/m,  so  we 
cannot  get  the  S/N  ratio  required.  It  is  expected  that 
the  unshielded  cable  receives  an  induction  noise  higher 
than  that.  Thus,  in  the  base -band  video  transmission  of 
the  already  installed  cable,  especially  in  the  strong  ele¬ 
ctric  field,  the  induction  noise  poses  a  problem. 


The  mechanism  of  induction  can  be  conceived  as 
follows. 

Current  i  (??)  is  induced  in  the  circuit  which  con¬ 
sists  of  cable  sheath  shield  and  the  ground,  by  the 
horizontal  and  vertical  electric  field  components  of  the 
broadcasting  wave,  in  the  same  way  as  already  men¬ 
tioned;  this  current  causes  a  voltage  Zks*i  (??)•  d  rj  at 
7/  point  of  the  inner  surface  of  the  sheath  shield.  The 
current  and  voltage  of  the  vertical  circuit  composed  of 
the  unit  shield  and  the  cable  sheath  shield  become 


-  1  mW  Zm  -  ZKS  •  i  ft)=  i  m(7l)  Z  m+  m 

d  7j 


and,  from  that,  the  voltage  and  current  at  x  point  become 

Vm(x>=  e  ‘  x  ~  me^dy+A)+er™X-f  xi  f  fy)e"rmtf  d  tj+ b  ] 

o  z  O  z 

im(x)=e'rmx( --fx  r  Ym  fft)erm  *7  d>7  +  YmA  ]  (22} 

O  z 

ermx C-/X-l  Ym  m  e'  Tm V dr]+ B  Ym  ] 

O  Z 


Table  1-1,  1-2  shows  measured  values  of  the  induc¬ 
tion  interference  of  250  m  of  various  kinds  of  the  cur¬ 
rently  used  cables.  From  the  viewpoint  of  the  reduction 
of  induction  interference  as  above  mentioned,  we  wish  to 
propose  a  cable  having  a  smaller  Zk  and  Cn,f. 

3-2  New  cable 

If  we  take  up  a  new  pair  type  cable  for  video  trans  - 
mission  and  a  single  cable  system,  we  consider  that  the 
cable  will  be  a  unit  shielded  type  one  in  view  of  the 
restrictions  on  the  near -end  crosstalk  between  pairs  for 
transmission  to  the  both  direction.  Also  from  the  stand¬ 
point  of  the  restrictions  on  the  far -end  crosstalk  be¬ 
tween  circuits  in  one  and  the  same  direction,  the  cable 
has  to  be  produced  with  special  attention  to  the  balance 
of  its  pairs.  These  are  very  effective  from  the  view¬ 
point  of  induction  noise  reduction,  and  will  probably,  we 
believe,  lessen  the  effect  as  compared  with  the  conven¬ 
tional  cable.  It  is,  therefore,  desirable  that  the  cable  be 
given  0.2  mm  aluminium  shielding  as  conventionally 
used  and  additionally  a  unit  shielding.  As  regards,  how¬ 
ever,  the  unit  shield  layer,  a  simple  shielding  of  ex¬ 
tremely  thin  metal  tape  is  preferable  if  we  take  into 
account  a  low  cable  cost,  an  increased  conductor  space 
factor,  and  so  forth.  Especially  when  we  consider  its 
jointing,  etc.,  the  unit  shielded  cable  can  be  used  without 
earthing  if  it  meets  the  requirements  for  crosstalk. 
Through  calculation  and  actual  measurement  we  have 
looked  into  how  far  this  aluminium  shield  simple  unit 
shielding  would  prove  effective. 


where  A  and  B :  constants  determined  by  end  con¬ 
ditions.  Next,  by  this  im  (x),  a  voltage  is  induced  in  the 
longitudinal  circuit  consisting  of  cable  conductors  and 
unit  shield,  via  the  coupling  impedance  Zku  of  the  unit 
shield.  The  following  current  is  induced  in  that  vertical 
circuit  : 

i^(x)=^-u { /x  i (x-f)df+/lm(,f)e -rm ( f ' -■ * > d£ }  (23) 
2Z£  0  X 

And  consequently,  the  following  current  flows  in  the 
transverse  circuit  of  the  cable  : 

i  t(x)=Cf /X  i*(f)e-rt ( x'f) df+Cn  / i  /)  e  -rt  ( f - x >  df  (24) 

where  Cn  :  coupling  constant  of  the  vertical  and 
transverse  circuits  of  the  conductor.  In  actual  practice, 
as  measurement  is  taken  at  cable  end, 

i,(0)=Cnfe  i„£)e~r^  d£  (25) 

O  c 

can  be  obtained  as  a  transverse  circuit  induced  noise 
current. 

By  way  of  example,  Fig  10  shows  values  of  a  cable 
sheath  shield  at  the  end  and  of  the  vertical  circuit  vol¬ 
tage  of  the  cable,  which  are  obtained  by  the  above  cal¬ 
culation,  in  respect  to  two  earthing  conditions  (  Zx  = 
z2  =  oo  .  Zl  =  z2  =  0)  ;  v  =  vn(0)  +  V0). 
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From  Fig  10  it  is  clearly  seen  that  the  unit  shield 
proves  effective  judging  from  the  fact  that,  as  regards 
the  broadcasting  wave  induced  noise  in  the  case  of  unit 
shield  type,  the  coupling  impedance  of  the  cable  sheath 
is  almost  the  same  as  the  calculation  examples  of  Fig  7- 
Fig  8.  Measured  values  are  shown  in  Fig  10  of  210  m 
long  cable,  and  they  very  well  agree  with  the  calculated 
values. 

From  the  above  calculations  and  examples  we  can 
imagine  that  the  londitudinal  circuit  induction  level  of 
the  new  cable  in  1  MHz  100  dB  V/m  electric  field 
strength  will  be  -50  dBm  with  2  km  cable  length. 

(Fig  10).  The  effect  from  the  unit  shield  is  in  the 
vicinity  of  15  dB.  This  can  also  be  confirmed  from 
an  induction  level  difference  between  the  video  trans  - 
mission  pairs  within  the  unit  shield  and  the  filler  pairs 
outside  the  shield.  Also  it  is  to  be  inferred  that  the 
traverse  circuit  level  will  be  -75  dBm  because  the 
compensate  term  for  the  ratio  of  the  vertical  and  trans¬ 
verse  circuits  is  -25  dB  according  to  the  result  of  sub¬ 
stitution  of  measured  values  in  formula  (20).  In  an 
intense  electric  field  of  130  dBmV/m  or  so,  the  trans¬ 
verse  circuit  induced  power  becomes  —45  dBm,  and  it  is 
barely  possible  to  make  video  transmission  by  imposing 
an  emphasis  of  10  dB. 

4.  CONCLUSION 


We  summarize  what  we  have  explained  in  the  fore¬ 
going,  as  under : 

1)  We  have  clarified  the  mechanism  of  induction 
interference  from  broadcasting  wave  of  an  aerially 
installed  shielded  balanced  type  cable ;  namely,  the 
energy  of  the  wave  is  converted  into  induction  ele¬ 
ctromotive  force  at  a  circuit  consisting  of  cable 
shield  and  the  ground,  and  induced  at  the  vertical 
circuit  of  the  conductor  via  the  surface  transfer 
impedance  of  the  shield,  and  is  further  converted 
to  the  transverse  circuit  by  coupling  coefficient. 

2)  As  mentioned  in  the  Introduction,  we  have  obtained 
those  formulas  which  give  induction  electric  power 
output  as  a  function  of  factors  in  affecting  induction 
interference.  They  have  clarified  the  extent  of  the 
effects  of  various  factors  and  made  estimated  cal¬ 
culation  possible.  This  method  is  also  applicable 
to  an  aerially  installed  coaxial  cable. 

3)  As  a  result  of  calculation  and  actual  measurement 
of  the  induction  noise  to  the  existing  balanced  type 
cables  by  broadcasting  wave,  we  have  shown  that 
CCP-P  type  cable  and  CCP-AP  type  cable  have  no 
problem  in  an  intense  electric  field  of  usual  case 
but  are  unfit  for  video  transmission  in  the  strong 
electric  field  and  that  a  unit  shield  type  LAP  type 
cable  which  has  an  improved  coupling  between 
vertical  and  transverse  circuits  answers  the  pur¬ 
pose. 
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Fig  1.  The  mechanism  of  induction  on  traverse 

circuit  of  cable  from  the  broadcasting  wave 


Fig  2.  Induced  current  by  virthical  electric  field 
under  condition  hi  -h2  H 


Fig  3.  Induced  current  by  horizontal  electric  field 


Fig  5.  Coupling  with  distribution  wave  source 


Fig  6.  An  example  of  compensate  curve 
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Table  1—1  Measurement  of  the  induction  noise  to  the  transverse 
circuit  of  the  exi  st  ing  ba  lansed  type  cable 

(Normari zed  maximum  strength  of  electric  field  to  100dB/*V/m) 

dBm  ^=  2  5  0m  Z1  =  Z2=0 


Cables 

0.9  m  30pairs 

0.65  to  30  pairs 

10.4m  400  pairs 

Unit  shielded 

type  LAP  cable 

FrequencyX^^ 

Interc i ty 
CCP-P 

Interc i ty 
COP-AP 

Intercity  star 
sta lpeth 

0.6  5  m 
Video  pairs 
within  units 

0.  5  m 

Filler  pairs 
out  of  unit 

5  9  OKHz 

-6  0.5 
(  1  2.0  ) 

-9  4.5 
(  3.0  ) 

<  - 1  1  6. 9 
(  2.3  ) 

<  -1  1  3.4 
(  5.8  ) 

-  9  8.5 

6  90 

-6  3.1 
(  6.9  ) 

-9  5.9 
(  4.3  ) 

<  -1  0  2.9 
(  4.9  ) 

-1  0  1.7 

(  1  2.3  ) 

-  9  9.8 

8  1  0 

-6  3.0 
(  7.6  ) 

-8  7.9 
(  3.9  ) 

<  -  1  0  8. 7 
(  0.7  ) 

<  -1  0  3.5 
(  5.4  ) 

-  9  0.0 

9  50 

-6  1.9 
(  4.3  ) 

-8  8.5 
(  5.2  ) 

<  -  1  0  6.3 
(  2.4  ) 

<-101.3 
(  8.4  ) 

-  9  5.3 

1130 

-7  1.3 
(  4.5  ) 

-9  7.9 
(  3.9  ) 

<  -1  1  2.4 
(3.9) 

-  1  1  0.6 
(  1  1.5  ) 

-  1  0  5.9 

13  10 

-7  6.3 
(  8.6  ) 

-9  7.9 
(  2.8  ) 

<  -1  2  0.4 
(  2.4  ) 

<-l  0  9.4 
(  8.3  ) 

-1  1  1.5 

Number  of 
samples 

1  5 

1  0 

1  2 

1  0 

2 

(  )  Standard  deviation  But  COP— P  have  no  shield 


Table  1—2  Measurement  of  the  induction  noise  to  the  vertical 
circuits  of  the  exi sting  balansed  type  cables 

(Normari zed  maximum  strength  of  electris  field  to  lOOdB/^V/m) 

dBm  £  ~  2  5  0m  Zj  =  Z2=  0 


\.  Cables 

0.9 m  30  pairs 

0.6  5m  30 pairs 

0.4 m  400  pairs 

Unit  shielded 

type  LAP  cable 

Frequency'^ 

Interc i ty 
CCP-P 

Interc  i  ty 
COP  — AP 

In t ere i ty  star 
stalpe  th 

0.6  5  m 
Video  pairs 
wi thin  uni t s 

0.  5  m 

Filler  pairs 
out  of  unit 

5  9  OKHz 

-  9.6 
(  2.4  ) 

-4  0.6 
(  3.0  ) 

-7  4.5 
(  1.3  ) 

-7  1.3 
(  2.3  ) 

-3  7.9 

6  9  0 

-1  6.3 
(  1-0  ) 

-3  9.6 
(  4.3  ) 

-6  6.6 
(  6.1  ) 

-6  5.2 
(  4.3  ) 

-3  8.1 

8  1  0 

-1  7.6 
(  0.8  ) 

-3  7.1 
(  1.2  ) 

-7  6.8 
(  2.1  ) 

-6  0.7 
(  1.5  ) 

-4  4.3 

9  5  0 

7-  1  6.1 

;  (  0.5  ) 

-3  4.4 
(  0.5  ) 

-6  6.0 
(  1.9  ) 

-5  6.9 
(  0.3  ) 

-3  5.8 

113  0 

-19.4 
(  0.3  ) 

-4  0.8 
(  0.2  ) 

-7  0.0 
(  1.1  ) 

-7  0.0 
(  0.3  ) 

-4  2.9 

13  10 

-3  0.6 
(  1.3  ) 

-4  5.2 
(  0.4  ) 

-8  6.7 
(  2.0  ) 

-6  9.5 
(1.1) 

-4  9.3 

(  )  Standard  deviation  But  CGP— P  have  no  shield 
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Induced  power  level  (dBm) 


Fig  8.  Induced  power  level  in  case  the  angle  of  broad¬ 
casting  wave  direction  to  cable  is  changed. 
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Fig  10.  Induction  interference  level  of  shielded  unit 
type  LAP  cable 
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COMPUTER  AIDED  DESIGN  OF  BRAID  PARAMETERS  FOR  COAXIAL  CABLE 


Jack  Spergel 

Electronics  Technology  and  Devices  Laboratory 
U.  S.  Army  Electronics  Command 
Fort  Monmouth,  N.  J.  07703 


INTRODUCTION:  Shielding  of  coaxial  cable  as 
-well  as  other  special  multi -conductor  cable 
designs  is  becoming  increasingly  important  to 
minimize  electromagnetic  radiation  from  or  into 
the  cable.  Digital  data  transmission,  broad¬ 
band  radio  frequency  circuits,  sensitive  audio 
or  voice  circuits,  as  well  as  high  intensity 
voltages  such  as  lightning  or  electromagnetic 
pulse  (EMP)  have  established  requirements  for 
better  shielding  of  cable.  For  cables  whose 
application  requires  a  high  degree  of  flexibility 
(ease  of  bending  and/or  long  flex  life),  braided 
conductors  are  frequently  used  in  the  cable 
design. 

The  cable  design  engineer  who  must 
establish  the  specification  for  the  braid  is 
faced  with  optimizing  the  design  in  regard  to 
its  shielding  effectiveness,  weight  and  cost, 
attenuation,  and  its  flexibility.  In  order  to 
provide  the  cable  engineer  with  a  tool  to  aid 
him  in  selecting  a  design,  a  computer  program 
(Fortran  IV)  was  developed  for  the  enclosed 
series  of  tabular  data  which  could  be  readily 
used  to  determine  the  physical  parameters  of 
the  braid,  as  well  as  information  to  judge  its 
potential  flexibility  and  attenuation  character¬ 
istics  . 


CALCULATIONS:  Before  discussing  the  data  in 
the_tables,  a  brief  review  is  given  of  the 
braid  elements  and  the  formulas  used  to 
calculate  the  various  parameters. 


Figure  1  schemtacially  illustrates  the 
elements  of  a  braid  design  on  a  circular  cable 
core  which  could  represent  the  dielectric  of  a 
coaxial  cable,  or  a  stranded  multi -conductor 
core,  or  a  single  insulated  wire.  The  formulas 
for  calculating  the  various  braid  parameters 
are  derived  from  Figure  2  and  are  given  by: 


(1)  C  =  (2F  -  F2)  x  100 

(2)  F  =  PHd/sin  A 

(3)  A  =  tan'1  27T(d  +  2d)  P/C 

(it.)  W  =  (2  D/d)  Fw  _ 

(5)  oCc  =  C  [(Ks/d)  +  (Rb/D)J  Vf 

(6)  =  1.0/F  cos2A 


where : 

C  =  percentage  of  area  of  cable  surface 
covered  by  braid 

F  =  fill  factor  (space  or  weight  factor) 

A  =  angle  of  braid  wire  with  cable  axis 
D  =  diameter  over  cable  core 
d  =  strand  (or  braid  wire)  diameter 
P  =  picks  per  inch 
C  =  number  of  carriers 

N  =  number  of  ends ' (braid  wire )  per  carrier 
W  =  weight  of  braid  per  unit  length 
w  =  weight  of  strand  (braid  wire)  per  unit 
length 

Rfo  =  braiding  factor  which  is  used  for 
attenuation  calculations 


OCc  -  attenuation  of  copper  conductors  in 
coaxial  cable 

C  =  constant  for  a  given  conductor  material 
and  cable  impedance 


TABULAR  DATA:  For  a  specified  number  of 
carriers,  ends  per  carrier,  and  picks  per  inch, 
each  table  includes  the  coverage,  fill  factor, 
angle,  and  braiding  factor  as  the  strand  diameter 
and  diameter  over  dielectric  is  varied.  There 
are  forty-five  such  tables  for  each  combination 
of  5  carriers  (12,  1 6,  24,  36,  48),  3  picks  per 
inch  (3,  9,  15)  and  3  ends  per  carrier  (4,  7,  10 ). 
The  strand  diameters  range  from  0.003  to  0.010 
inches  and  the  diameter  over  dielectric  range 
from  0.050  to  1.000  inches.  These  values  are 
considered  quite  practical  for  most  cable 
designs  and  interpolation  or  approximation  can 
be  easily  made  for  any  other  combination  of 
braid  parameters.  To  provide  data  for  smaller 
intervals  within  the  range  of  ends  and  picks  would 
result  in  an  excessive  number  of  tables.  (For 
example,  if  the  number  of  intervals  were  increased 
from  3  to  5  for  the  ends  and  picks,  we  would 
have  125  tables). 

In  using  the  tables,  the  following  qualifica¬ 
tions  should  be  noted: 

(a)  The  asterisk  indicates  that  the 
coverage  exceeds  100$  or  the  braiding  factor  is 
less  than  1,  and  is  therefore  not  a  realistic 
braid  design.  One-hundred  percent  coverage  or 
braiding  factor  equal  to  1  is  equivalent  to  a 
solid  conductor  and  a  braid  cannot  be  better  than 
a  solid  conductor. 
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(To)  Coverage  of  100$  in  the  table  is  the 
result  of  rounding  off  of  the  decimal  to  the 
nearest  tenth,  i.e.,  when  the  coverage  is  equal 
to  or  greater  than  99-9 it  is  printed  out  of 
the  computer  as  100.0$. 

(c)  The  calculations  are  based  on  a  tight 
braid  design  (i.e.,  mean  diameter  equal  to 

D  +  2d),  and  no  allowance  was  made  for  air  space 
or  looseness.  For  larger  size  cables,  it  may 
be  more  accurate  to  use  a  mean  diameter  of 
(D  +  3d.)  instead  of  (D  +  2d).  The  data  in  the 
tables  are  limiting  values  and  practical  cables 
would  actually  have  slightly  lower  coverage  than 
those  indicated  because  of  manufacturing 
tolerances  and  variations. 

(d)  The  weight  of  the  braid  is  not  given 
in  the  table  since  the  density  or  weight  of  the 
braid  material  must  be  known;  however,  it  can 
be  readily  calculated  from  equation  (4)  for  any 
specified  braid  material,  strand  diameter,  and 
core  diameter  since  the  fill  factor  for  the 
braid  is  given  in  the  table. 

(e)  The  braiding  factor  is  useful  in 
calculating  outer  conductor  or  shield  attenua¬ 
tion.  It  is  a  measure  of  the  ratio  of  the  lay 
factor  to  the  fill  factor.  The  lay  factor  is 
the  ratio  of  tho  actual  length  of  wire  to  the 
linear  length  of  cable,  therefore,  the  greater 
the  lay  factor  the  greater  the  braiding  factor. 
In  addition,  the  fill  factor  is  a  measure  of 
the  surface  area  covered  by  the  braid,  therefore 
the  lower  the  fill  factor,  the  greater  the 
braid  factor.  It  is  therefore  reasonably 
apparent  that  the  longer  the  braid  wire  relative 
to  the  length  of  cable  and  the  lower  the  fill 
factor,  the  greater  will  be  the  braiding 
factor  and,  in  turn,  the  attenuation. 


REFERENCE:  Spicer,  L.  R.,  "Relationships 
Between  Attenuation  and  Wire  Braid  Design  for 
Flexible  Radio  Frequency  Cables,"  Electrical 
Communication,  Vol.  40,  No.  4,  1965,  PP  487-492 
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SHIELD-CONSTRUCTIONAL  DETAILS 

PIG.  1 


FORTRAN  IV  COMPUTER  PROGRAM  FOR  CALCULATING  BRAID  PARAMETERS 


100  FILE  SrOUTPT,  UNIT=PRINTER 

200  REAL  K!25),C!5),D!7),P!7),N!7),A!25),C0V!25),D0D!25),F!25) 

300  DATA  C/12, 16, 24, 36, 48/, P/3,5, 7, 9, 11 ,13,15/, 

400  -  N/4, 5, 6,7,8, 9, 10/, D/. 003, .004, .005, .006, .007, .008, .010/ 

500  PI=4.*ATAN!1.) 

700  5  FORMATI1H1 ,45X, "BRAID  DESIGN  PARAMETERS  FOR  COAXIAL  CABLE") 

800  DO  100  KC= 1,5,1 
$00  CR=C(KC) 

1000  DO  100  1=1, 7, 3 
1100  PK=PU> 

1200  DO  100  J= 1 ,7 ,3 
1300  EN=N(J) 

1350  WRITE<6,5) 

1400  WRITE(6, 10) 

1500  10  FORMAT(1H0,50X, "CARRIERS  PICKS  ENDS  ) 

1600  WRITE! 6, 15)  CR,PK,EN 

1700  15  FORMAT! 1 H  ,53X, 12, 10X , 12, 7X, 12) 

1300  WR I TEC 6  20) 

1900  20  FORMAT! 1H0,"STR.DIA.",20X,"DIAMETER  OVER  DIELECTRIC") 

2000  WRITE(6,25 ) 

2100  25  FORMAT! 1H0,12X, "0.050  0.100  0.150  0.200  0.250  0.300 

2200  -"  0.350  0.400  0.450  0.500  0.550  0.600  0.650  0.700  0.750" 
2250  -"  0.800  0.850  0.900  0.950  1.000") 

2300  DO  100  L= 1 ,7 
2400  SD=D!L) 

2500  DO  150  M= 1 , 20 
2600  DOD! M) =  FLOAT ! M) /20 

2700  A ! M) = ! 180./PI)*ATAN!2.*PI*!DOD!M)+2.*SD)*PK/CR> 

2800  F!M)=PK*EN*SD/SIN! A(M)*PI/180. ) 

2900  COV! M) =!2.*F! M)-F! M)**2)*100 

3000  K!M)=1.0/IF!M)*!COS!A!M)*P 1/180.) )**2) 

3100  IF!F!M).LE. 1.0) GO  TO  150 

3150  COV! M) = 10E50 

3160  KIM) = 10E50 

3200  150  CONTINUE 

3300  WRITEI6,30)SD,!COV(M) ,M= 1 ,20) 

3400  30FORMAT! 1 H0 ,F6.3 ,3X,"ZC" ,20F6. 1 ) 

3420  WRITE! 6,55 )  ! F! M)  ,M= 1 ,20 ) 

3440  55F0RMAT! 1 H  , 10X,"F" ,20F6.3) 

3500  WRITE!6,35)  ! AIM) ,M=1 ,20) 

3600  35FORMAT!  1  H  , 10X,"A”,20F6. 1 ) 

3700  WRITE! 6,40)  ! K! M) ,M= 1 ,20 ) 

3800  40FORMAT! 1 H  , 10X,"K",20F6.2) 

3850  100  CONTINUE 

3900  STOP 
4000  END 
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$  Coverage  =  2ab  -__a£ 

=  a/b  =  fill  factor,  i.e.,  the  ratio  of  the  ^2  ^2 

actual  width  of  one  pick  to  the  width  of  one 
pick  for  100$  coverage 
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